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INTRODUCTION 


Androgen-independent  (AI)  basal  epithelial  cell  in  prostate,  a  progenitor  for  luminal 
epithelial  cells  (1-4),  are  considered  as  the  stem  cell  because  it  is  responsible  for  maintaining 
homeostasis  of  normal  prostate.  Many  studies  also  indicate  that  AI  prostate  cancer  (PCa) 
exhibits  several  marker  proteins  as  seen  in  basal  cells  (5-6),  suggesting  that  these  two  cell 
population  may  have  some  functional  relationship.  Nevertheless,  the  AIPCa  acquires  a 
malignant  phenotype  because  the  homeostatic  control  is  impaired  in  this  cell.  To  delineate  the 
biology  of  these  basal  cells,  we  proposed  to  isolate  different  population  of  prostatic  epithelia 
based  on  these  three  markers  and  characterize  the  morphologic  changes  associated  with  these 
cells  from  in  vitro  and  to  determine  the  stem  cell  potential  of  each  cell  population  from  in  vivo. 
The  ultimate  goal  of  this  project  is  to  document  the  cell  lineage  of  prostate  stem  cell  based  on 
molecular  markers.  This  information  will  help  not  only  early  diagnosis  of  AIPCa  and  also 
development  of  new  intervention  for  prostate  cancer. 


RECENT  PROGRESS 

The  study  had  progressed  smoothly  in  the  past  year.  Three  manuscripts  and  one  review 
manuscript  have  been  published  (Appendix  1-4).  Overall,  Task  1  is  75%  completed;  Task  2  will 
begin  shortly.  Detailed  progress  of  these  aims  is  outlined  below. 

Task  1.  To  isolate  different  population  of  prostatic  epithelia  based  on  these  three  markers  and 
characterize  the  morphologic  changes  associated  with  these  cells  from  in  vitro 

Although  the  origin  of  AIPCa  is  not  well  characterized,  many  data  indicate  that  AIPCa 
possesses  many  similar  characteristics  as  the  basal  cell  population  of  the  normal  prostatic 
epithelia.  Therefore,  defining  the  factor  that  controls  homeostasis  in  the  basal  cells  of  the 
prostate  may  lead  to  the  discovery  of  the  critical  defect(s)  associated  with  AI  cancer. 

To  characterize  the  potential  stem  cell  in  prostate  gland,  we  enriched  basal  cell 
population  from  the  degenerated  prostate  induced  androgen  deprivation  and  then  isolated 
different  cell  population  based  on  C-CAM1  pattern  (Table  1)  using  FACS  analysis.  So  far,  we 
were  able  to  obtain  three  clones  and  we  further  characterized  the  phenotype  of  these  cells  as 
summarized  in  Table  1 .  We  observed  that  each  clone  has  very  unique  expression  profile, 
suggesting  that  there  is  a  heterogeneous  population  among  basal  cell  population  of  prostate 
gland.  To  examine  their  differentiation  ability,  an  in  vitro  three-dimension  cell  culture  system 
was  employed;  this  system  is  to  plate  cells  on  a  polyester  membrane  of  Transwell®  (Costar, 
Cambridge,  MA)  and  then  to  measure  the  level  of  transepithelial  resistance  (TER)  as  an 
indication  of  cell  polarization  (7).  We  observed  that  one  of  clones  exhibits  elevated  TER  in  the 
presence  of  20%  serum  (Fig.  1  A).  In  contrast,  cancer  cells  lose  their  polarized  phenotype  as  well 
as  tissue  architecture  (Fig.  IB).  Using  confocal  microscope,  we  were  able  to  confirm  these  cells 
form  a  tight  junction  (2)  that  is  a  continuous  circumferential  intercellular  contact  at  the  apical 
pole  of  lateral  cell  membrane.  As  shown  in  Fig.  1C,  ZO-1  protein,  a  key  component  in  tight 
junction,  exhibited  a  distinct  network  structure  of  polarized  NbE.  This  data  indicate  that  this 
clone  can  undergo  differentiation  in  vitro.  We  will  begin  Task  2  to  test  whether  this  clone  is  able 
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to  form  glandular  structure  in  vivo  and  delineate  the  molecule  changes  associated  with  this 
process. 

Table  1  Profiling  protein  expression  pattern  of  prostatic  epithelia. 


Clone 

c-cami2 

CK8/18b 

CK5b 

Bcl-2b 

DOC-2b 

DIPl/2b 

ARC 

NbE 

100%d 

100% 

100% 

100% 

100% 

100% 

100% 

VPE 

50% 

50% 

10% 

100% 

100% 

90% 

20% 

VPE-12 

25% 

5% 

5% 

75% 

100% 

80% 

1% 

a:  C-CAM1 

.  levels  were  determined  by  FACS  analysis. 

b:  All  the  results  were  determined  by  western  blot  analyses. 

c:  Androgen  receptor  (AR)  was  determined  by  RT-PCR. 

d:  All  the  data  was  normalized  using  NbE  cells  as  100%  for  each  marker. 


Fig.  1  Characterization  of  cell  polarization  using  prostatic  epithelial  cells.  A,  determination 
of  TER  in  normal  prostatic  epithelial  cells.  B,  determination  of  TER  in  normal  prostatic 
epithelial  cells  vs.  Dunning  cancer  cells  (9).  C,  staining  of  ZO-1  protein  in  NbE  cells. 
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Using  differential  display  RT-PCR  (10),  we  have  identified  a  novel  gene-DOC-2 
associated  with  basal  cell.  Our  recent  manuscripts  (10-12)  indicate  that  DOC-2  represents  a 
critical  regulatory  element  in  controlling  the  signaling  pathway(s)  that  leads  to  the 
growth/differentiation  of  prostatic  epithelium.  DOC-2  protein  complex  acts  as  the  negative 
regulatory  machinery  operative  in  basal  cell  population  of  normal  prostate.  The  altered 
expression  of  this  complex  leads  to  the  uncontrolled  growth  of  prostatic  epithelium.  From  our 
publication  (12),  we  demonstrate  that  protein  kinase  C  (PKC)  phosphorylates  the  S24  of  the  N- 
terminal  of  DOC-2/DAB2  critical  for  its  inhibitory  function  on  PKC-mediated  gene 
transcription.  In  addition,  the  C-terminal  of  DOC-2  contains  three  proline-rich  domains  with 
specific  interaction  with  several  SH3 -containing  proteins  (i.e.,  Grb2,  Nek,  Src,  and  PI3K).  EGF 
and  NT3  are  able  to  enhance  the  binding  between  DOC-2  and  Grb2  that  interrupts  the  binding  of 
SOS  to  Grb2  resulting  in  the  suppression  of  MAP  kinase  activation  (Appendix  1).  It  is  likely 
that  DOC-2  has  a  multiple  inhibitory  function  on  several  signal  pathways  actively  operated  in 
prostatic  epithelia. 

We  further  searched  the  down  stream  effector(s)  of  DOC-2  using  a  yeast  two-hybrid 
screening  system.  After  ruling  out  potential  false  positive  results,  we  identified  a  unique  cDNA- 
DIP1/2  (DOC-2  interactive  protein).  To  determine  the  regulation  of  the  human  DIP  1/2  gene,  we 
have  screened  a  human  BAC  genomic  library  (RPCI-1 1)  with  a  rat  DIP  1/2  cDNA  probe.  After 
two  rounds  of  screening,  we  obtained  two  positive  clones  (298  A17and  419H3).  DNA 
sequencing  results  revealed  that  the  DIP  1/2  gene  contains  at  least  15  exons  and  14  introns.  The 
predicted  amino  acid  sequences  of  human  DIP1/2  share  98%  homologue  with  rat  DIP1/2.  We 
were  able  to  map  the  entire  DIP1/2  gene  and  locate  its  chromosome  position  (9q33. 1-33.3)  where 
Ph  chromosome  translocation  occurs  in  the  Chronic  Myeloid  Leukemia  patients.  The  entire 
length  of  the  DIP  1/2  gene  is  about  96  kb.  All  information  regarding  the  exons  and  introns  of 
DIP  1/2  was  summarized  (Appendix  2).  The  DIP  1/2  promoter  does  not  contain  any  typical 
TATA-box — evidenced  by  the  presence  of  various  RNAs  with  differential  transcription  starting 
sites.  Nevertheless,  two  potential  promoter  regions  were  mapped:  one  located  at  +  229  to  +981 
(1st  intron)  the  other  located  at  -359  to  -141  (5’-upstream  regulatory  region).  Moreover,  we 
noticed  that  the  both  promoter  activity  in  several  AIPCa  cell  lines  is  significantly  lower  than  that 
in  normal  prostatic  epithelial  cells  (Appendix  2),  indicating  that  transcriptional  regulation  of 
DIP1/2  gene  underlined  the  decreased  expression  of  DIP1/2  proteins  in  AIPCa  cells. 
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In  addition,  we  further  characterized  the  functional  role  of  DIP  1/2  in  normal  basal  cells 
but  down  regulated  in  AIPCa  cell  lines  (Appendix  3).  Sequencing  data  provides  compelling 
evidence  indicated  the  DIP  1/2  belongs  to  a  new  member  of  RAS-GTPase  activating  protein 
family.  Since  RAS-mediated  signal  cascade  is  a  major  pathway  for  many  exogenous  stimuli, 
DIP  1/2  appears  to  be  a  key  regulator  for  RAS  activity.  Using  specific  reagents  for  DIP  1/2 
established  in  our  laboratory,  we  demonstrated  that  DIP  1/2  is  down  regulated  in  AIPCa  cell 
lines.  The  presence  of  DIP  1/2  protein  was  able  to  antagonize  the  signal  transduction  elicited  by 
several  exogenous  stimuli.  With  respect  to  the  rare  frequency  of  Ras  gene  mutation  found  in 
human  PCa  patients  and  yet  increased  Ras  protein  is  often  found  in  AIPCa,  these  findings  are 
significant  (Appendix  3).  Taken  together,  we  believe  that  DOC-2  and  DIP  1/2  are  part  of  the 
protein  complex  in  controlling  homeostasis  of  basal  prostatic  epithelium  (Appendix  4). 


KEY  RESEARCH  ACCOMPLISHMENT 

•  Isolate  three  different  subpopulation  of  prostatic  epithelium  from  degenerated  prostate  based  on 

C-CAM1  expression  and  characterize  each  clone  of  epithelia  using  several  different  makers. 

•  Determine  the  differentiation  potential  (i.e.,  cell  polarization)  of  these  cells  using  a  three- 

dimension  cell  culture  system. 

•  Identify  other  molecules  differentially  expressing  in  polarized  cell  and  non-polarized  cell 

population. 

•  Characterize  the  homeostatic  role  of  DOC-2  protein  in  the  growth  of  prostatic  epithelia. 

•  Identify  the  functional  role  of  DIP  1/2  protein  in  the  growth/differentiation  of  PCa. 

•  Cloning  of  human  DIP  1/2  gene  and  demonstrate  the  differential  transcription  regulation  of  this 

gene  in  normal  prostatic  epithelia  and  PCa  cells. 


REPORTABLE  OUTCOMES 

FULL-LENGTH  PAPER 

1.  Zhou,  J.,  and  Hsieh,  J.T.  (2001)  The  inhibitory  role  of  DOC-2/DAB2  in  growth  factor 
receptors  mediated  signal  cascade:  DOC-2/DAB2-mediated  inhibition  of  Erk 
phosphorylation  via  binding  to  Grb2.  J.  Biol.  Chem.,  278, 27793-27798. 

2.  Chen,  H.,  Pong,  R-C.,  Wang  Z.,  and  Hsieh,  J.T.  (2002)  Differential  regulation  of  the 
human  DAB2IP  gene  in  normal  and  malignant  prostatic  epithelia:  cloning  and 
characterization.  Genomics,  79,  573-581. 

3.  Wang,  Z.,  Tseng,  C-P.,  Pong,  R-C.,  Chen,  H.,  McConnell,  J.D.,  Navone,  N.,  and  Hsieh, 
J.T.  (2002)  A  Novel  RasGTPase  activating  protein  that  interacts  with  DOC-2/DAB2:  A 
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downstream  effector  leading  to  the  suppression  of  prostate  cancer.  J.  Biol.  Chem.,  277, 
12622-12631. 

REVIEW  PAPER 

4.  Zhou,  J.,  Scholes,  J.,  and  Hsieh,  J.T.  (2001)  Signal  transduction  targets  in  androgen 
independent  prostate  cancer.  Cancer  and  Metastasis  Review,  20:  351-362. 


CONCLUSIONS 

We  hypothesize  that  the  basal  cells  of  the  prostate  gland,  considered  as  a  stem  cell 
population,  are  responsible  for  maintaining  homeostasis  of  the  normal  prostate.  We  have 
isolated  several  clones  of  basal  cell  from  rat  prostate  and  demonstrated  that  there  are  different 
cell  populations  based  on  several  basal  cell  markers.  These  cells  may  represent  a  various  cell 
lineage  during  cell  differentiation.  Nevertheless,  one  of  cell  clone  can  polarize  using  an  in  vitro 
culture  system.  We  are  currently  dissecting  the  molecular  changes  associated  with  this  process. 
The  information  obtained  from  this  study  will  certainly  help  us  to  map  out  cell  different  of 
prostatic  epithelium. 

To  understand  the  homeostatic  control  in  prostatic  epithelia,  DOC-2  protein  complex 
appears  to  be  key  homeostatic  control  machinery  operative  in  basal  cell  population  of  normal 
prostate.  The  altered  expression  of  this  complex  underlies  the  malignant  phenotypic  change  of 
AIPCa  cell.  For  the  mechanism  of  action  of  DOC-2,  PKC  phosphorylates  the  S24  of  the  N- 
terminal  of  DOC-2  that  enhances  its  binding  to  DIP  1/2,  a  novel  RAS  GAP  protein,  which 
inhibits  both  PKC-  and  EGF-elicited  MAP  kinase  pathways  by  inactivating  RAS  protein.  With 
unique  interaction  with  effector  proteins  (i.e.,  Grb2  and  Src)  containing  SH3-domains,  the  C- 
terminal  of  DOC-2/DAB2  can  inhibit  EGF  and  NT3-induced  signal  pathways.  Also,  down 
regulation  of  these  proteins  are  often  seen  in  AIPCa  cell  lines.  Thus,  further  analysis  of  this 
protein  complex  should  provide  more  insight  of  the  stem  cell  biology  in  prostate  gland.  Also, 
these  new  molecules  could  be  useful  in  predicting  the  prognosis  of  AIPCa  progression. 
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DOC-2/DAB2  (differentially  expressed  in  ovarian  car- 
cinoma-2/disabled  2)  appears  to  be  a  potential  tumor 
suppressor  gene  with  a  growth  inhibitory  effect  on  sev¬ 
eral  cancer  types.  Previously,  we  have  shown  that  DOC- 
2/DAB2  suppresses  protein  kinase  C-induced  AP-1  acti¬ 
vation,  which  is  modulated  by  serine  24  phos¬ 
phorylation  in  the  N  terminus  of  DOC-2/DAB2.  However, 
the  functional  impact  of  the  C  terminus  of  DOC-2/DAB2, 
containing  three  proline-rich  domains,  has  not  been  ex¬ 
plored.  In  this  study,  we  examined  this  functional  role  in 
modulating  signaling  mediated  by  peptide  growth  fac¬ 
tor  receptor  tyrosine  kinase,  particularly  because  it  in¬ 
volves  the  interaction  with  Grb2.  Using  sequence- 
specific  peptides,  we  found  that  the  second  proline-rich 
domain  of  DOC-2/DAB2  is  the  key  binding  site  to  Grb2  in 
the  presence  of  growth  factors.  Such  elevated  binding 
interrupts  the  binding  between  SOS  and  Grb2,  which 
consequently  suppresses  downstream  ERK  phosphoryl¬ 
ation.  Reduced  ERK  phosphorylation  was  restored 
when  the  binding  between  DOC-2/DAB2  and  Grb2  was 
interrupted  by  a  specific  peptide  or  by  increasing  the 
expression  of  Grb2.  Furthermore,  the  C  terminus  of  the 
DOC-2/DAB2  construct  can  inhibit  the  AP-1  activity  elic¬ 
ited  by  growth  factors.  We  conclude  that  DOC-2/DAB2, 
a  potent  negative  regulator,  can  suppress  ERK  activa¬ 
tion  by  interrupting  the  binding  between  Grb2  and 
SOS  that  is  elicited  by  peptide  growth  factors.  This 
study  further  illustrates  that  DOC-2/DAB2  has  multi¬ 
ple  effects  on  the  RAS-mediated  signal  cascades  active 
in  cancer  cells. 


DOC-2/DAB2  (differentially  expressed  in  ovarian  carcinoma- 
2/disabled  2)  is  a  potential  tumor  suppressor  associated  with 
ovarian  (1),  choriocarcinoma  (2),  prostate  (3),  and  mammary 
tumors  (4).  It  is  a  novel  phosphorprotein  that  contains  several 
unique  motifs  such  as  the  N-terminal  disable-like  domain  and 
the  C-terminal  proline-rich  SH31-binding  domain.  The  DOC-2/ 
DAB2  gene  was  first  cloned  by  a  differential  display  polymer- 
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ase  chain  reaction,  which  screened  for  gene(s)  down-regulated 
in  human  ovarian  cancer  but  not  in  their  normal  counterpart 
(5).  Using  the  same  technique,  our  laboratory  cloned  the  rat 
homologue  from  a  degenerated  prostate  gland.  We  demon¬ 
strated  that  DOC-2/DAB2  is:  (a)  associated  with  the  basal  cells  of 
the  prostate;  ( h )  involved  in  the  growth  and  differentiation  of 
prostate  epithelia,  and  (c)  able  to  inhibit  the  growth  of  cell  lines 
derived  from  human  prostate  cancer  (3).  Similarly,  the  inhibitory 
role  of  DOC-2/DAB2  has  also  been  shown  in  cell  lines  of  ovarian 
cancer  and  choriocarcinoma  (1,  2,  6).  Taken  together,  these  data 
indicate  that  DOC-2/DAB2  is  a  potent  growth  inhibitor. 

We  examined  the  mechanism(s)  of  the  DOC-2/DAB2-elicited 
growth  inhibitory  pathway  in  prostate  cancer  cell  lines.  We 
found  that  phosphorylation  of  DOC-2/DAB2  at  the  extreme 
N-terminal  region  by  protein  kinase  C  suppresses  AP-1  activ¬ 
ity.  Specifically,  the  phosphorylation  of  serine  24  in  the  N 
terminus  of  DOC-2/DAB2  is  the  key  amino  acid  residue  mod¬ 
ulating  its  inhibitory  effect  (7).  Our  recent  study  revealed  that 
the  N  terminus  of  DOC-2/DAB2  interacts  with  a  RAS  GTPase- 
activating  protein,2  which  suggests  that  DOC-2/DAB2  is  in¬ 
volved  in  the  RAS-mediated  signal  pathway. 

The  C  terminus  of  DOC-2/DAB2,  on  the  other  hand,  interacts 
with  Grb2,  which  is  an  adapter  protein  critical  in  bridging 
signal  transduction  between  the  activated  protein  receptor  ty¬ 
rosine  kinase  (RPTK)  and  the  RAS-mediated  MAP  kinase  cas¬ 
cade  (8,  9).  The  functional  significance  of  the  binding  between 
DOC-2/DAB2  and  Grb2  is  undefined.  Therefore,  we  investi¬ 
gated  this  relationship  using  two  RPTK  ligands:  epidermal 
growth  factor  (EGF)  and  neurotrophin  3  (NT3). 

We  demonstrated  in  four  different  cell  lines  that  RPTK  ac¬ 
tivation  increases  the  binding  of  DOC-2/DAB2  (particularly  the 
C  terminus)  to  Grb2.  This  binding  further  leads  to  a  decrease  in 
the  activation  of  the  downstream  effector,  ERK  phosphoryla¬ 
tion,  and  AP-l-mediated  gene  transcription.  Our  data  illus¬ 
trate  the  underlying  mechanism  of  the  C  terminus  of  DOC-2/ 
DAB2  in  modulating  RPTK  activation. 

EXPERIMENTAL  PROCEDURES 

Cell  Lines,  Synthetic  Peptides,  and  Plasmid  Constructs— A  rat  phe- 
ochromocytoma  cell  line  (PC  12)  was  grown  in  Dulbecco’s  modified 
Eagle’s  medium  (Life  Technologies,  Inc.)  supplemented  with  10%  heat- 
inactivated  horse  serum  (Life  Technologies,  Inc.),  5%  heat-inactivated 
fetal  bovine  serum,  100  units/ml  penicillin,  and  100  units/ml  strepto¬ 
mycin.  C4-2,  NbE,  and  COS  cells  were  maintained  in  T  medium 
supplemented  with  5%  fetal  bovine  serum  (3).  Four  peptides  were 
synthesized  corresponding  to  the  protein  sequence  of  DOC-2/DAB2: 
PPQ  (amino  acids  619-627);  PPK  (amino  acids  714-722);  PPL  (amino 
acids  663-671);  and  LLL  (amino  acids  663-671,  the  substitution  of 
proline  with  leucine).  All  DOC-2/DAB2  cDNA  expression  constructs, 
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Fig.  1.  The  effects  of  growth  factor 
on  the  interaction  between  DOC-2/ 
DAB2  and  Grb2.  PC12  (A),  C4-2  (B),  and 
COS  (C  and  D)  cells  (6  x  10r,/60-mm  dish) 
were  transfected  with  0.6  jag  of  trkC  and 
2.4  jug  (T7-p82)  (A  and  C)  or  3  jug  of  p82  ( B 
and  D)  for  24  h.  After  incubating  with 
NT3  (A  and  C)  or  EGF  (B  and  D),  cells 
were  harvested  at  the  indicated  time.  An 
aliquot  of  cell  lysate  was  subjected  to  a 
Grb2  binding  assay  (A  and  B )  or  co-immu- 
noprecipitation  (C  and  D ).  In  the  upper 
panels ,  the  precipitate  was  probed  with 
anti-DOC-2/DAB2  antibody,  ap96  (A  and 
B)  or  the  anti-T7  tag  antibody,  aT7  (C  and 
D).  In  the  lower  panels ,  an  aliquot  of  cell 
lysate  was  analyzed  using  Western  blot 
detected  by  either  np96  (A  and  B)  or  «T7 
(C  and  D ).  IB,  immunoblot. 


such  as  pCI-neo-T7-p82  (T7-p82)  and  pCI-neo-T7-AN  (T7-AN),  have 
been  described  (7).  A 

Transfection  of  Plasmid  Vector  and  Oligopeptide — The  indicated 
number  of  cells  was  plated  at  37  °C  24  h  prior  to  LipofectAMINE 
transfection  (Life  Technologies,  Inc.).  In  each  experiment,  the  control 
plasmid  (pCI-neo)  was  supplemented  to  reach  an  equal  amount  of  total 
DNA.  For  the  NT3  induction  experiment,  the  trkC  expression  vector 
(10),  pAC-CMV-trkC,  was  co-transfected  with  the  DOC-2/DAB2  cDNA 
construct.  24  h  after  transfection,  cells  were  switched  to  a  low  serum 
condition  (1%  heat-inactivated  horse  serum  for  PC  12  cells;  0.5%  fetal 
bovine  serum  for  COS  and  C4-2  cells)  for  another  24  h  prior  to  being 
treated  with  growth  factors. 

For  peptide  transfection,  cells  were  plated  in  a  24-well  plate  with 
serum-free  medium  for  24  h.  Chariot™  reagent  (Active  Motif)  was 
mixed  with  100  ng  of  different  oligopeptides  according  to  the  manufac¬ 
turer’s  protocol.  1  h  after  transfection,  cells  were  treated  with  growth 
factors,  and  cell  lysate  was  prepared  at  the  indicated  time. 

In  Vitro  GST-Grb2  Binding  Assay — After  transfection,  cells  were 
exposed  to  50  ng/ml  of  EGF  or  recombinant  NT3  (Upstate  Biotechnol¬ 
ogy).  The  cells  were  collected  in  0.5  ml  of  lysis  buffer  (50  mM  Tris-HCl, 
pH  7.5,  150  mM  NaCl,  5  mM  EDTA  supplemented  with  1%  of  Triton 
X-100,  and  a  mixture  of  protease  inhibitors)  at  the  indicated  time.  After 
a  low  speed  spin,  0.4  ml  of  supernatant  was  separately  incubated 
overnight  at  4  °C  with  either  60  /ul  of  GST-Grb2-glutathione  Sepharose 
or  GST-glutathione  Sepharose.  After  centrifugation,  the  pellet  was 
washed  twice  with  the  lysis  buffer,  dissolved  in  the  sample  buffer,  and 
then  subjected  to  Western  blot  analysis  probed  with  either  monoclonal 
antibody  against  DOC-2/DAB2  (ap96)  (Transduction  Laboratories)  or 
against  the  T7  tag  (aT7)  (Novagen). 

Co-immunoprecipitation  Assay — The  cells  were  co-transfected  with 
both  DOC-2/DAB2  expression  vectors  and  0.6  jag  of  Grb2  expression 
vector  (pHM6-Grb2).  Using  the  same  treatment  protocol,  cells  were 
collected  in  0.5  ml  of  lysis  buffer.  After  a  low  speed  spin,  0.4  ml  of 
supernatant  was  incubated  overnight  at  4  °C  with  1  jag  of  monoclonal 
antibody  against  Grb2  (Transduction  Laboratories)  and  40  jal  of  protein  G 
PLUS-agarose  (Santa  Cruz  Biotechnology,  Inc.).  The  pellet  was  washed 
twice  with  lysis  buffer,  dissolved  in  sample  buffer,  and  subjected  to 
Western  blot  analysis  detected  by  the  antibody  against  T7  tag  (c*T7). 

ERK  Phosphorylation  Assay — Transfected  cells  were  exposed  to  50 
ng/ml  of  EGF  or  NT3  for  10  min  and  were  collected  in  70  jal  of  phosphate- 
buffered  saline  (with  1%  of  Triton  X-100  and  a  mixture  of  protease  inhib¬ 
itors).  After  a  low  speed  spin,  20  jal  of  supernatant  was  subjected  to 
Western  blot  analysis.  The  filter  was  probed  with  the  antibody  against 
phosphorylated  ERK  p44/42  (New  England  Biolab),  and  the  same  filter 
was  stripped  and  reprobed  with  antibodies  against  either  total  ERK  1/2 
(p44/42)  or  p42  (New  England  Biolab). 

Luciferase  Reporter  Gene  Assay — The  AP-l-Luciferase  reporter  con¬ 
struct  (-73/+63-Col-Luc)  (7)  and  internal  control  j3-gal  vector  (pCHHO) 
were  used  with  various  DOC-2/DAB2  cDNA  expression  vectors.  The 
cells  were  treated  with  or  without  50  ng/ml  of  EGF  or  recombinant  NT3 
for  16  h.  Both  luciferase  and  j3-galactosidase  were  assayed  (7).  The  data 
from  the  reporter  gene  activity  were  normalized  with  j3-galactosidase 
activity. 
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Fig.  2.  The  interaction  of  the  C  terminus  of  DOC-2/DAB2  and 
Grb2.  A,  COS  cells  (6  x  105/60-mm  dish)  were  co-transfected  with  0.6 
pg  of  pAC-CMV-trkC  and  2.4  pg  of  either  DOC-2/DAB2  (T7-p82)  or  the 
C  terminus  of  DOC-2/DAB2  (T7-AN)  and  then  treated  with  NT3.  B, 
COS  cells  (6  x  10r760-mm  dish)  were  transfected  with  3  pg  of  either 
T7-p82  or  T7-AN  and  then  treated  with  EGF,  Cell  lysates  were  pre¬ 
pared  10  min  after  treatment  and  subjected  to  a  Grb2  binding  assay. 
The  precipitate  ( upper  panels)  or  total  cell  lysate  ( lower  panels )  was 
detected  by  anti-T7  tag  antibody  («77).  IB,  immunoblot. 

RESULTS 

NT3  and  EGF  Increase  the  Binding  of  Grb2  to  DOC-21 
DAB2 — In  a  previous  study  (7),  we  showed  that  the  C  terminus, 
but  not  the  N  terminus,  of  DOC-2/DAB2  binds  to  Grb2.  In  this 
study,  we  investigated  the  effect  of  growth  factors  on  this 
binding.  Because  DOC-2/DAB2  is  expressed  in  brain  tissue  (4) 
and  prostate  epithelia  (3),  we  chose  two  RPTK  systems:  NT3/ 
trkC  cascade  in  PC12  cell  and  EGF/EGFR  cascade  in  C4-2  cells. 

PC  12  cells  were  co-transfected  with  pAC-CMV-trkC  and  T7- 
p82  cDNAs  and  then  treated  with  NT3  (50  ng/ml)  for  the 
indicated  time.  The  cell  lysate  was  prepared  and  subjected  to 
Grb2-GST  binding  assay.  As  shown  in  the  upper  panel  of  Fig. 
LA,  a  basal  level  interaction  between  DOC-2/DAB2  and  Grb2 
was  detected  in  the  PC  12  cells;  a  similar  result  was  shown 
previously  (7).  However,  binding  of  DOC-2/DAB2  to  Grb2  in¬ 
creased  5  min  after  treatment  with  NT3,  and  increased  binding 
remained  constant  throughout  the  entire  course  of  treatment. 
This  indicates  that  trkC  activation  can  immediately  increase 
the  interaction  between  DOC-2/DAB2  and  Grb2.  The  same 
expression  levels  of  DOC-2/DAB2  expression  were  detected  in 
each  lane  (Fig.  1A,  lower  panel),  and  this  rules  out  the  possi¬ 
bility  of  a  transfection  artifact. 

In  the  other  RPTK  signaling  system  (Fig.  IB.  upper  panel), 
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Fig.  3.  The  specific  interaction  of  the  proline -rich  domains  in 
DOC-2/DAB2  and  Grb2.  A,  COS  cells  (6  X  105/100-mm  dish)  were 
transfected  with  either  DOC-2/DAB2  (T7-p82)  or  the  C  terminus  of 
DOC-2/DAB2  (T7-AN).  The  cell  lysates  were  prepared  48  h  after  trans¬ 
fection  and  subjected  to  Grb2  binding  assay  in  the  presence  of  different 
concentrations  of  oligopeptides.  B ,  cell  lysate  from  80%  confluent  NbE 
cells  were  prepared  and  subjected  to  Grb2  binding  assay  in  presence  of 
different  concentrations  of  oligopeptides.  The  precipitate  was  detected 
by  either  anti-T7  ( aT7 )  or  anti-p96  ( ap96 )  antibodies. 
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Fig.  4.  The  interruption  of  SOS  binding  to  Grb2  by  DOC-2/ 
DAB2.  COS  cells  (6  x  105/60-mm  dish)  were  co -transfected  with  HA- 
Grb2  and  either  pCI-neo  or  DOC-2/DAB2  (T7-p82)  and  then  treated 
with  EGF  (100  ng/ml)  for  10  min.  The  cell  lysates  were  prepared 
subjected  to  co-immunoprecipitation  assay  by  anti-HA  tag  antibody 
( aHA ).  The  precipitate  was  detected  by  anti-SOS  antibody  (aSOS)  ( top 
panel)  and  reprobed  with  anti-Grb2  antibody  (aGrb2)  ( middle  panel). 
Total  cell  lysate  ( bottom  panel)  was  detected  by  anti-p96  antibody 
(ap96).  IB,  immunoblot. 


increased  binding  of  DOC-2/DAB2  to  Grb2  occurred  in  a  time- 
dependent  manner  in  a  prostatic  epithelial  cell  line  (C4-2) 
treated  by  EGF.  Also,  as  shown  in  the  lower  panel  of  Fig.  IB,  an 
equal  amount  of  DOC-2/DAB2  protein  expression  was  detected 
at  each  time  point.  There  was  difference  in  the  Grb2  binding 
kinetics  between  NT3-treated  PC  12  cells  and  EGF-treated 
C4-2  cells.  For  example,  EGF  showed  a  slower  rate  of  Grb2 
binding  than  did  NT3.  Peak  binding  of  Grb2  occurred  20  min 
after  EGF  treatment,  compared  with  5  min  after  NT3  treat¬ 
ment.  Such  difference  may  influence  the  effect  of  DOC-2/DAB2 
on  the  downstream  pathway  mediated  by  these  two  growth 
factors. 

In  addition  to  data  obtained  from  the  in  vitro  binding  assay, 
we  used  co-immunoprecipitation  to  examine  the  intracellular 
interaction  between  DOC-2/DAB2  and  Grb2.  As  shown  in  Fig. 
1  (C  and  D ),  the  complex  containing  DOC-2/DAB2  significantly 
increased  in  the  presence  of  either  NT3  or  EGF  compared  with 
the  control.  EGF  also  increased  the  intracellular  interaction 
between  the  Grb2  and  DOC-2/DAB2.  Data  from  both  Grb2  and 
co-immunoprecipitation  assays  indicate  that  the  interaction 
between  DOC-2/DAB2  and  Grb2  was  enhanced  under  the  stim¬ 
ulation  of  peptide  growth  factors,  which  suggests  that  DOC-2/ 
DAB2  may  play  a  regulatory  role  in  RPTK-mediated  signaling. 

Growth  Factors  Enhance  the  Binding  of  the  C  Terminus  of 
DOC-2  / DAB2  to  Grb2 — As  we  described,  the  C  terminus  but 
not  the  N  terminus  of  DOC-2/DAB2  interacts  with  Grb2  (7).  To 
determine  whether  growth  factors  increase  the  affinity  of  the  C 
terminus  of  DOC-2/DAB2  to  Grb2,  we  performed  Grb2  binding 
assay  using  the  N-terminal  deletion  mutant  of  DOC-2/DAB2 
(T7-AN).  We  wanted  to  validate  this  interaction  using  different 
cell  types.  Therefore,  COS  cells  were  reconstituted  with  trkC  in 
the  presence  of  either  T7-p82  or  T7-AN  construct.  As  expected, 
stimulation  with  NT3  significantly  increased  the  binding  of 
Grb2  to  both  DOC-2/DAB2  and  the  C  terminus  of  DOC-2/DAB2 
(Fig.  2A).  This  elevated  binding  was  not  caused  by  variable 
expressions  of  T7-p82  or  T7-AN  proteins  because  equal 
amounts  of  these  proteins  were  detected.  Similarly,  Grb2  bind¬ 
ing  to  DOC-2/DAB2  or  to  the  C  terminus  of  DOC-2/DAB2  also 
increased  with  EGF  treatment  (Fig.  2 B).  These  data  indicate 
that  the  binding  domain  of  DOC-2/DAB2  to  Grb2  is  located  in 
the  C  terminus  of  DOC-2/DAB2. 

Binding  of  Grb2  Is  Mediated  by  the  Second  Proline-rich  Do¬ 
main  of  DOC-2  / DAB2 — There  are  three  proline-rich  domains 
in  DOC-2/DAB2  with  the  same  consensus  sequence  as  the  SOS 


Fig.  5.  The  suppression  of  the 
growth  factor-induced  ERK  phospho¬ 
rylation  mediated  by  sequestering 
Grb2  by  DOC-2/DAE2  protein.  PC12  (A 
and  C)  and  C4-2  ( B  and  D)  cells  (8  X 
104/12-well  plate)  were  co-transfected 
with  either  the  control  plasmid  pCI,  full- 
length  (T7-p82),  or  the  C  terminus  of 
DOC-2/DAB2  (T7-AN)  and  pAC-CMV- 
trkC  (A  and  C)  or  EGFR  expression  plas¬ 
mid  ( B  and  D).  In  addition,  pHM-Grb2  (C, 
D)  was  used  for  increasing  Grb2  levels  in 
cells.  24  h  after  transfection,  cells  were 
switched  to  a  low  serum  medium  for  an¬ 
other  24  h.  50  ng/ml  of  NT3  (A  and  C)  or 
EGF  (B  and  D )  were  added  for  a  10-min 
incubation.  An  aliquot  of  cell  lysate  was 
analyzed  by  Western  blot.  In  the  upper 
panels ,  the  filter  was  probed  with  an  an¬ 
tibody  against  phosphorylated  ERK 
p44/42  (apERK),  and  in  the  lower  panels, 
the  same  filter  was  reprobed  with  either 
ERK  p42-specilic  antibody  (cxERK2)  or 
ERKl/2-specific  antibody  ( aERKl  12).  IB, 
immunoblot. 
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binding  site  to  Grb2.  Therefore,  all  three  domains  may  be 
involved  in  Grb2  binding.  To  compare  the  binding  affinity  of 
these  proline-rich  sequences,  four  oligopeptides  were  synthe¬ 
sized  according  to  the  DOC-2/DAB2  protein  sequence:  PPQ 
(amino  acids  619-627);  PPL  (amino  acids  663-669);  LLL  (ami¬ 
no  acids  663-669  with  all  proline  residues  substituted  with 
leucine  residues);  and  PPK  (amino  acids  714-722).  Using  the 
in  vitro  GST-Grb2  binding  assay,  the  PPL  peptide  blocked  the 
binding  of  either  T7-p82  or  T7-AN  proteins  to  GST-Grb2, 
whereas  the  PPQ  peptide  had  no  effect  (Fig.  3A).  Moreover,  we 
prepared  cell  lysates  from  NbE  cells  (a  normal  rat  prostatic 
epithelial  cell  line  with  the  endogenous  expression  of  DOC-2/ 
DAB2  proteins)  to  determine  the  in  vitro  binding  of  DOC-2/ 
DAB2  proteins  to  Grb2.  As  shown  in  Fig.  35,  PPL  effectively 
blocked  the  binding  in  a  dose-dependent  manner  compared 
with  the  other  two  peptides  ( i.e .  PPQ  and  PPK).  The  effective 
dose  of  PPL  in  COS  and  NbE  cells  was  very  similar,  suggesting 
that  the  binding  kinetics  of  these  proteins  remains  consistent 
in  different  cell  lines.  The  proline  residues  in  this  domain  are 
critical  for  binding  because  the  peptide  with  leucine  substitu¬ 
tion  (i.e.  LLL)  cannot  affect  the  binding  between  DOC -2/DAB 2 
and  Grb2  (Fig.  35).  These  data  clearly  indicate  that  the  second 
proline-rich  domain  in  the  C  terminus  of  DOC-2/DAB2  is  the 
key  interactive  site  with  Grb2. 

DOC-2/DAB2  interrupts  the  binding  of  Grb2  with  SOS  In¬ 
teraction  between  the  Grb2  protein,  and  the  activated  receptor 
can  initiate  translocation  of  a  group  of  proteins,  namely 
guanine  nucleotide  exchange  factors  (such  as  SOS),  which  mod¬ 
ulate  the  GTPase  activity  of  RAS.  As  shown  in  Fig.  4,  stimu¬ 
lation  with  EGF  increased  the  binding  of  Grb2  to  SOS  in  COS 
cells  with  no  detectable  levels  of  DOC-2/DAB2.  However,  in¬ 
creased  expression  of  p82  levels  in  COS  cells  diminished  the 
binding  of  Grb2  to  SOS,  which  indicates  that  DOC-2/DAB2  and 
SOS  compete  for  the  same  SH3  site  in  Grb2. 

Both  Native  DOC-2 / DAB2  and  the  C  Terminus  of  DOC-2! 
DAB2  Inhibit  NT3-  and  EGF-induced  ERK Activation — Grb2  is 
a  key  adapter  protein  for  the  growth  factor-induced  MAP  ki¬ 
nase  pathway  (11).  To  understand  the  impact  of  the  interaction 
between  DOC-2/DAB2  and  Grb2  on  this  pathway,  we  examined 
the  phosphorylation  status  of  ERK  kinase  in  the  presence  of 
DOC-2/DAB2.  Upon  the  treatment  of  growth  factors,  ERK  phos¬ 
phorylation  reflected  the  activation  of  ERK  kinase  (12).  ERK 
activation  is  transient.  It  peaks  at  10  min  and  then  returns  to  a 
basal  level  within  30  min.  As  shown  in  Fig.  5A,  the  basal  level  of 
phosphorylated  ERK  was  very  low  in  PC  12  cells  without  NT3 
treatment.  The  addition  of  DOC-2/DAB2  did  not  alter  this  level. 

In  contrast,  increasing  phosphorylation  of  ERK1  (44  kDa) 
and  ERK2  (42  kDa)  was  detected  in  PC  12  cells  10  min  after 
NT3  treatment.  Furthermore,  NT3-induced  phosphorylation  of 
ERK1/2  decreased  profoundly  in  the  presence  of  either  full- 
length  DOC-2/DAB2  (T7-p82)  or  the  C  terminus  of  DOC-2/ 
DAB2  (T7-  AN).  Such  a  change  was  not  caused  by  the  decrease 
of  ERK1/2  protein  levels  (Fig.  5A,  middle  and  lower  panel). 

Without  EGF  treatment,  the  basal  level  of  ERK2  phospho¬ 
rylation  was  lower  in  C4-2  cells  than  in  PC  12  cells  (Fig.  55). 
With  EGF  treatment,  phosphorylation  levels  of  ERK  kinases, 
mainly  ERK2  (42  kDa),  were  elevated.  The  presence  of  either 
T7-p82  or  T7-AN  dramatically  suppressed  EGF-induced  ERK2 
phosphorylation.  However,  the  steady-state  levels  of  the 
ERK2  protein  remained  the  same.  These  data  indicate  that 
ERK2  phosphorylation  was  inhibited  when  DOC-2/DAB2  pro¬ 
teins  decrease  the  availability  of  Grb2  to  SOS. 

Decreased  ERK  phosphorylation  appears  to  be  a  potent 
downstream  event  that  results  from  the  binding  between  DOC- 
2/DAB2  and  Grb2.  We  examined  whether  increased  expression 
of  Grb2  restores  the  ERK  phosphorylation  status  in  cells 
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Fig.  6.  The  effect  of  specific  peptides  derived  from  DOC-2/ 
DAB2  on  EGF-induced  ERK  phosphorylation.  NbE  cells  (1  X 
104/24  well  plate)  grew  in  serum-free  medium  for  24  h  and  then  were 
transfected  with  100  ng  of  oligopeptides  using  Chariot™  reagent.  1  h 
after  transfection,  cells  were  treated  with  50  ng  of  EGF.  At  the  indi¬ 
cated  time,  cell  lysate  was  prepared  and  analyzed  by  Western  blot 
probed  with  apERK  antibody  (left  panels),  and  then  the  same  filter  was 
reprobed  aERK  1/2  ( right  panels).  The  intensity  of  ERK2  signal  was 
determined  by  densitometer  (A).  The  fold  of  was  calculated  by  normal¬ 
izing  the  ratio  between  phosphorylated  ERK2  and  total  ERK2  proteins 
induction  from  each  time  point  with  the  time  0  (5).  O,  control;  ■,  LLL; 
A,  PPL.  After  16  h  of  incubation  with  growth  factors,  cells  were  sub¬ 
jected  to  reporter  gene  assay  (C)  as  described  previously  (6).  IB, 
immunoblot. 


treated  with  growth  factors.  As  shown  in  Fig.  5  (C  and  D),  in 
the  absence  of  either  NT3  or  EGF,  transfection  of  the  Grb2 
expression  vector  failed  to  induce  ERK  phosphorylation  be¬ 
cause  Grb2  alone  is  not  capable  of  activating  the  growth  factor- 
induced  downstream  signal  pathway  (8).  In  contrast,  in  either 
EGF-treated  C4-2  or  NT3-treated  PC  12  cells,  transfection  of 
the  Grb2  expression  vector  did  restore  the  decreased  ERK 
phosphorylation  induced  by  T7-p82  proteins.  This  suggests 
that  DOC-2/DAB2  binding  to  Grb2  is  a  key  step  in  inactivating 
ERK  phosphorylation. 
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Fig.  7.  The  effect  of  DOC-2/DAB2  and  its  C-terminal  recombinant  protein  on  the  growth  factor-induced  AP-1  activation.  PC12  (A 
and  C)  and  C4-2  (5  and  D )  cells  (2  X  105/6-well  plate)  were  co-transfected  with  0.2  fig  of  AP-1  luciferase  reporter  gene,  0.25  fig  of  pCHHO  (/3-gal), 
and  the  indicated  amount  of  T7-p82  (A  and  B )  or  0.4  fig  of  T7-p82  or  T7-AN  (C  and  D ).  For  PC12  cells,  0.15  fig  of  trkC  was  included.  The  total 
amount  of  DNA  (1  /xg/transfection)  was  supplemented  with  pCI-neo.  24  h  after  transfection,  cells  were  down-switched  to  a  low  serum  for  another 
24  h.  After  16  h  of  incubation  with  growth  factors,  cells  were  subjected  to  reporter  gene  assay.  The  data  represent  the  means  ±  S.D.  from  three 
independent  experiments. 


Because  the  second  proline-rich  domain  of  DOC-2/DAB2  is  a 
key  binding  site  to  Grb2,  we  investigated  whether  blocking  this 
binding  also  affects  the  ERK  phosphorylation  status  in  cells 
stimulated  with  growth  factors.  To  do  this,  NbE  cells  were 
transfected  with  either  PPL  or  LLL  peptide,  and  the  ERK 
phosphorylation  status  in  EGF-treated  NbE  cells  was  deter¬ 
mined.  As  shown  in  Fig.  6  (A  and  B ),  minutes  after  EGF 
treatment,  the  ERK2  phosphorylation  increased  about  3- 4-fold 
compared  with  basal  level.  PPL  enhanced  ERK2  phosphoryla¬ 
tion  about  20-fold.  It  peaked  10  min  after  EGF  treatment, 
whereas  LLL  failed  to  have  the  same  effect,  indicating  that 
PPL  can  specifically  prevent  the  sequestering  Grb2  by  the 
second  proline-rich  domain  of  DOC-2/DAB2.  These  “free”  Grb2 
molecules  amplify  signal  transduction  via  the  downstream  cas¬ 
cade,  such  as  the  activation  of  ERK  kinase.  Similarly,  PPL  but 
not  LLL  can  also  antagonize  the  inhibitory  effect  of  DOC-2/ 
DAB2  on  EGF-induced  gene  transcription  (Fig.  6C).  The  overall 
activity  of  the  reporter  gene  in  this  experiment  was  lower  than 
usual  because  cell  death  became  more  apparent  when  cells 
were  incubated  with  both  LipofectAMINE  and  Chariot™ 
transfection  agents.  Nevertheless,  these  data  further  indicate 
that  one  mechanism  of  DOC-2/DAB2  is  to  balance  the  growth 
factor-induced  signal  by  modulating  the  availability  of  effector 
protein  such  as  Grb2. 

Native  DOC-2  / DAB2  and  the  C  terminus  of  DOC-2 /DAB2 
Inhibit  NT3-  and  EGF-induced  AP-1  Activation — To  determine 
whether  the  binding  of  DOC-2/DAB2  to  Grb2  has  any  impact  on 
RPTK-mediated  gene  activation,  we  chose  the  AP-1  reporter 
gene  assay.  AP-1  is  activated  in  PC  12  cells  upon  treatment 
with  neurotrophin  (13),  and  it  is  the  downstream  target  of 
RPTK  via  Grb2  and  ERK  (14).  Suppression  on  ERK  activation 


indicates  that  RPTK-induced  AP-1  activation  may  also  be  af¬ 
fected.  As  shown  in  Fig.  7A,  NT3  induced  activation  of  the  AP-1 
reporter  gene  in  PC12  cells.  In  the  presence  of  increasing 
amounts  of  T7-p82,  the  NT3-induced  AP-1  activity  was  sup¬ 
pressed  in  a  dose-dependent  manner.  In  C4-2  cells,  the  EGF- 
induced  AP-1  activation  was  also  suppressed  by  T7-p82  in  a 
dose-dependent  manner  (Fig.  IB). 

From  these  results,  we  believe  that  the  C-terminal  recombi¬ 
nant  protein  has  the  same  inhibitory  effect  on  AP-1  as  native 
DOC-2/DAB2.  As  depicted  in  Fig.  7  (C  and  Z>),  both  T7-p82  and 
T7-AN  inhibited  NT3-  and  EGF-induced  AP-1  activity  with 
similar  magnitude.  Thus,  the  C  terminus  of  DOC-2/DAB2, 
which  contains  the  Grb2-binding  domain(s),  is  critical  to  mod¬ 
ulate  the  RPTK-mediated  gene  expression  that  is  mediated 
through  ERK  phosphorylation. 

DISCUSSION 

Grb2  is  a  potent  adaptor  protein.  It  contains  both  SH2  and 
SH3  domains  in  modulating  RPTK-elicited  signaling.  The  SH2 
domain  directly  recognizes  phosphotyrosine  motifs  and  is 
thereby  recruited  to  activated,  phosphorylated  RPTK.  This  in¬ 
teraction  helps  the  recruitment  of  guanine  nucleotide  exchange 
factors  ( i.e .  SOS)  through  the  binding  of  the  SH3  domain,  which 
subsequently  stimulates  RAS-GTP  binding.  The  RAS-mediated 
MAP  kinase  cascade,  a  key  pathway  controlling  growth  and 
differentiation,  further  leads  to  gene  transcription  by  activat¬ 
ing  several  transcription  factors.  We  and  others  have  shown 
that  DOC-2/DAB2  can  interact  with  Grb2  through  its  C  termi¬ 
nus  (7,  15).  However,  the  functional  role  of  this  interaction  has 
not  been  elucidated. 

In  this  study,  we  manipulated  PC  12  cell  lines  without  DOC- 
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2/DAB2  expression  such  as  C4-2  and  with  different  DOC-2/ 
DAB2  cDNA  constructs.  We  found  that  activation  of  RPTK  by 
its  own  ligand  also  increases  the  binding  of  DOC-2/DAB2  to 
Grb2,  which  interrupts  the  binding  of  SOS  to  Grb2  (Figs.  1  and 

4) .  We  also  demonstrated  that  the  second  proline-rich  domain  in 
the  C  terminus  of  DOC-2/DAB2  protein  is  the  key  site  responsi¬ 
ble  for  the  Grb2  binding  that  prevents  a  sequential  change  in  the 
downstream  region  of  the  RPTK-mediated  pathway  (Figs.  3  and 

5) ,  including  suppressing  ERK  phosphorylation. 

We  used  a  cell  line  (NbE)  that  expresses  endogenous 
DOC-2/DAB2  to  demonstrate  the  interaction  between  endoge¬ 
nous  DOC-2/DAB2  and  Grb2  proteins.  We  showed  that  this 
interaction  appears  to  be  sequence-specific  because  only  pep¬ 
tides  with  the  same  sequence  as  the  second  proline-rich  domain 
of  DOC-2/DAB2  can  interrupt  Grb2  binding,  whereas  substitu¬ 
tion  of  key  proline  residues  with  leucine  residues  abolishes  its 
inhibitory  function  (Fig.  3).  Moreover,  increasing  Grb2  expres¬ 
sion  in  C4-2  cells  by  using  the  transient  transfection  of  the 
Grb2  expression  vector  alters  the  inhibitory  effect  of  DOC-2/ 
DAB2  (Fig.  5).  We  conclude  that  this  inhibitory  effect  on  the 
MAP  kinase  pathway  results  from  sequestering  Grb2  away  from 
recruiting  downstream  signaling  effectors  such  as  SOS.  There¬ 
fore,  DOC-2/DAB2  represents  a  potent  homeostatic  factor  that 
modulates  many  exogenous  stimulus-mediated  signal  pathways. 

To  characterize  the  effect  of  DOC-2/DAB2  on  the  RPTK- 
mediated  pathway,  we  studied  two  classic  ligands  in  three 
different  cell  lines.  NT3,  which  interacts  with  its  receptor  trkC, 
is  an  important  neurotrophin  for  neuronal  development  and 
plasticity.  Because  other  members  of  the  disabled  family  (, i.e . 
DAB1)  have  been  associated  with  neuronal  development  (16, 
17)  and  DOC-2/DAB2  is  present  in  brain  tissue,  we  employed 
PC  12  cells  (a  well  established  cell  model  for  studying  neuronal 
differentiation)  to  examine  the  possible  role  of  DOC-2/DAB2  in 
NT3-induced  signaling.  Our  results  (Figs.  LA  and  3A)  demon¬ 
strate  that  DOC-2/DAB2  can  block  the  transient  activation  of 
ERK  kinase  that  is  considered  a  mitogenic  signal  (18)  even 
though  neurotrophins  can  induce  a  sustained  activation  of 
ERK  kinase,  which  can  last  for  several  hours  in  PC  12  cells  and 
is  related  to  neuronal  differentiation  (19).  However,  we  failed  to 
observe  any  inhibition  of  the  second  phase  of  ERK  activation  in 
the  presence  of  DOC-2/DAB2  (data  not  shown).  These  results 
imply  that  DOC-2/DAB2  may  modulate  the  mitogenic  effect  of 
NT3.  This  function  differs  from  DAB1  protein  in  neuronal  cells. 

EGF,  a  potent  mitogen  for  cell  growth,  elevation,  and  EGFR 
amplification  and/or  mutation  is  associated  with  the  progres¬ 
sion  of  many  cancer  types  (20)  including  prostate  cancer  (21). 
Data  from  our  laboratory  and  others  indicate  that  DOC-2/ 
DAB2  is  a  tumor  suppressor,  which  is  absent  in  many  cancer 
types  (1-6).  In  this  study,  we  demonstrated  that  the  C  termi¬ 
nus  of  DOC-2/DAB2  may  block  EGFR-mediated  signaling  by 
sequestering  Grb2  (Fig.  1)  from  the  upstream  of  the  cascade. 
This  blocking  essentially  deactivates  several  key  effectors  such 
as  ERK  and  AP-1  (Figs.  3  and  7).  Several  studies  show  that 
unregulated  activation  of  ERK  can  cause  cell  transformation 
(22)  and  that  AP-1  activation  is  crucial  to  angiogenesis  and 
neoplastic  invasion  (23).  Moreover,  our  recent  publication  in¬ 
dicates  that  the  serine  24  phosphorylation  of  DOC-2/DAB2 


inhibits  protein  kinase  C-mediated  gene  activation  (7).  Taken 
together,  we  believe  that  DOC -2/DAB 2  represents  a  unique 
negative  regulator.  Upon  exogenous  stimulus,  it  demonstrates 
multiple  actions  on  signaling  cascade. 

The  underlying  mechanism  regarding  the  increased  affinity 
of  DOC-2/DAB2  to  Grb2  by  growth  factors  is  still  unknown. 
Our  data  (Figs.  1  and  2)  indicate  that  this  is  a  rapid  event  and 
that  the  steady-state  levels  of  DOC-2/DAB2  do  not  change. 
Therefore,  post-translational  modification,  such  as  phosphoryl¬ 
ation,  is  likely.  Unlike  with  DAB1  (16),  we  did  not  detect  any 
tyrosine  phosphorylation  in  DOC-2/DAB2  (data  not  shown).  Xie 
et  al.  (24)  report  that  colony-stimulating  factor- 1  induces  serine 
phosphorylation  in  DOC-2/DAB2,  but  they  did  not  determine 
the  key  amino  acid(s)  responsible  for  this  event.  We  demon¬ 
strated  that  the  phorbol  ester  also  induces  serine  phosphoryl¬ 
ation  in  the  N  terminus  but  not  in  the  C  terminus  of  DOC-2/ 
DAB2  (7).  Therefore,  post-translational  modification  of  DOC-2/ 
DAB2  may  play  a  role  in  this  event  because  there  are  several 
potential  ERK  phosphorylation  sites  in  the  C  terminus  of 
DOC2/DAB2  (24).  Alternatively,  however,  we  cannot  rule  out 
that  the  presence  of  other  factor(s)  may  facilitate  this  interac¬ 
tion  upon  stimulation  with  growth  factors.  Therefore,  more 
detailed  study  is  warranted. 
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DOC-2IDAB2  is  a  member  of  the  disable  gene  family 
with  tumor-inhibitory  activity.  Its  down-regulation  is 
associated  with  several  neoplasms,  and  serine  phospho¬ 
rylation  of  its  N  terminus  modulates  DOC-2/DAB2,s  in¬ 
hibitory  effect  on  AP-1  transcriptional  activity.  We  de¬ 
scribe  the  cloning  of  DIP  1/2,  a  novel  gene  that  interacts 
with  the  N-terminal  domain  of  DOC-2/DAB2.  DIP1/2  is  a 
novel  GTPase -activating  protein  containing  a  Ras  GT- 
Pase-activating  protein  homology  domain  (N  terminus) 
and  two  other  unique  domains  ( i.e .  10  proline  repeats 
and  leucine  zipper).  Interaction  between  DOC-2/DAB2 
and  DIP1/2  is  detected  in  normal  tissues  such  as  the 
brain  and  prostate.  Altered  expression  of  these  two  pro¬ 
teins  is  often  detected  in  prostate  cancer  cells.  Indeed, 
the  presence  of  DIP1/2  effectively  blocks  mitogen-in¬ 
duced  gene  expression  and  inhibits  the  growth  of  pros¬ 
tate  cancer.  Thus,  DOC-2/DAB2  and  DIP1/2  appear  to 
represent  a  unique  negative  regulatory  complex  that 
maintains  cell  homeostasis. 


DOC-2/DAB2  (differentially  expressed  in  ovarian  carcinoma 
2fdisabled-2)  is  identified  in  normal  human  ovarian  epithelial 
cells  but  absent  in  ovarian  cancer  cell  lines  (1,  2).  An  absence  of 
DOC-2/DAB2  expression  is  associated  with  malignant  cells 
including  mammary,  prostate,  and  ovary  (2—4).  Increased  ex¬ 
pression  of  DOC-2/DAB2  inhibits  the  growth  of  several  cancer 
cells  (4,  5),  which  suggests  that  it  functions  as  a  tumor  sup¬ 
pressor.  DOC-2/DAB2  also  appears  to  be  a  phosphoprotein,  and 
its  phosphorylation  can  be  regulated  by  several  stimuli  (4,  6). 
We  recently  demonstrated  that  DOC-2/DAB2  expression  is  sig¬ 
nificantly  increased  in  the  enriched  basal  cell  population  with 
stem  cell  potential  of  the  degenerated  rat  prostate  (4),  suggest¬ 
ing  that  DOC-2/DAB2  may  play  an  important  role  in  regulating 
the  homeostasis  of  epithelial  differentiation.  Amino  acid  se¬ 
quence  analysis  predicts  that  DOC-2/DAB2  is  a  potential  sig¬ 
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naling  molecule.  Its  N  terminus  shares  54%  homology  with 
mouse  DAB1  protein  that  can  be  phosphorylated  by  Src,  and 
the  disruption  of  the  DAB1  gene  can  cause  developmental 
defects  in  central  neurons  (7, 8).  In  addition,  we  and  others  also 
show  that  the  C  terminus  of  DOC-2/DAB2  containing  proline- 
rich  domains  can  bind  to  Grb2  proteins  (9, 10).  Thus,  it  appears 
that  DOC-2/DAB2  is  involved  in  modulating  the  Ras  signaling 
pathway. 

To  understand  biochemical  function  of  DOC-2/DAB2,  we 
identified  a  key  amino  acid  residue  (Ser24)  in  its  N  terminus. 
The  phosphorylation  of  this  residue  by  protein  kinase  C  (PKC)1 
activator  12-O-tetradecanoylphorbol- 13-acetate  (TPA)  can 
modulate  its  inhibitory  activity  on  TPA-induced  gene  tran¬ 
scription  (11).  These  data  indicate  that  the  DOC-2/DAB2  pro¬ 
tein,  particularly  its  N  terminus,  is  a  potent  negative  regulator 
for  the  PKC -elicited  signal  pathway.  However,  little  is  known 
about  the  downstream  effector(s)  mediated  by  DOC-2/DAB2. 

In  this  study,  we  employed  a  yeast  two-hybrid  system  to 
identify  DIP1/2  as  an  immediate  DOC-2/DAB2-interactive  pro¬ 
tein.  DIP  1/2,  a  novel  Ras  GTPase-activating  protein  (GAP), 
interacts  with  the  N-terminal  domain  of  DOC-2/DAB2.  We 
cloned  DIP1/2,  characterized  it  as  an  immediate  downstream 
effector  of  DOC-2/DAB2,  and  delineated  its  functional  role  in 
mitogen-induced  gene  expression  and  growth  inhibition  of 
prostate  cancer. 

EXPERIMENTAL  PROCEDURES 

Cell  Cultures— Three  human  prostate  cancer  cell  lines  (TSU-Prl, 
LNCaP,  and  C4-2)  and  COS  cells  were  maintained  in  T  medium  sup¬ 
plemented  with  5%  fetal  bovine  serum  (4).  PrEC,  a  primary  prostatic 
epithelial  cell  derived  from  a  17-year-old  juvenile  prostate,  was  main¬ 
tained  in  a  chemically  defined  medium  purchased  from  Clonetics.  PZ- 
HPV-7,  a  cell  line  derived  from  the  peripheral  zone  of  a  normal  prostate 
(12),  was  maintained  in  T  medium  containing  5%  fetal  bovine  serum. 
MDAPCa2a  and  MDAPCa2b  cell  lines  were  derived  from  patients  with 
bony  metastasis  (13).  Three  additional  primary  prostatic  epithelial 
cells,  derived  from  either  cancer  lesions  (SWPC1,  SWPC2)  or  adjacent 
normal  tissue  (SWNPC2),  were  obtained  from  patients  with  prostate 
cancer  who  had  had  radical  prostatectomy.  All  these  cells  were  main¬ 
tained  in  the  same  medium  as  PrEC.  Corresponding  antibody  staining 
indicated  that  all  primary  cells  were  cytokeratin-positive  and 
vimentin-negative. 

Yeast  Two-hybrid  Screening — Using  primers  5'-GAATTCCCCGTC- 
ATGTCTAACGAA-3 '  and  5 ' -GGATCCTAACTGAGGCTTTGGTCGAG- 


1  The  abbreviations  used  are:  PKC,  protein  kinase  C;  TPA,  12-0- 
tetradecanoylphorbol-13-acetate;  GAP,  GTPase-activating  protein;  HA, 
hemagglutinin;  PBS,  phosphate-buffered  saline;  EGF,  epidermal 
growth  factor;  FBS,  fetal  bovine  serum;  MEK,  mitogen-activated  pro¬ 
tein  kinase/extracellular  signal-regulated  kinase  kinase;  ERK,  extra¬ 
cellular  signal-regulated  kinase;  TRE,  TPA  response  element;  SRE, 
serum  response  element. 

This  paper  is  available  on  line  at  http://www.jbc.org 
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DIP  1 12,  a  Novel  DOC -2 /DAB2-inter active  Protein 


G-3'  and  using  DOC-2/DAB2  cDNA  as  a  template  we  generated  an 
823-bp  fragment  corresponding  to  the  5'-end  of  the  cDNA.  The  PCR- 
amplified  fragment  was  sequenced  before  it  was  subcloned  in-frame 
into  pVJLll  vector  as  a  bait  construct.  Equal  amounts  of  constructed 
bait  vector  and  pVP16  rat  brain  cDNA  library  vector  were  co-trans- 
formed  into  the  yeast  strain  of  L40,  and  the  transformed  yeasts  were 
plated  on  SD-L-T-H  (synthetic  medium  lacking  amino  acids  of  leucine, 
tryptophan,  and  histidine)  plates  with  5  mM  3-aminotrizol.  Only  those 
colonies  that  had  /3-galactosidase  activities  were  further  analyzed.  Plas¬ 
mids  from  those  positive  clones  were  rescued  and  transformed  into 
Escherichia  coli  HB101  strain  for  further  amplification. 

Four  rounds  of  phage  library  screening  were  performed  with  a  rat 
brain  A  ZAP  phage  library  (Stratagene)  to  clone  the  full-length  cDNA  of 
DIP1/2.  After  DNA  sequencing  for  each  positive  clone,  the  full-length 
cDNA  of  DIP  1/2  was  assembled  with  the  appropriate  restriction  enzyme 
digestion. 

Northern  Blot — Total  RNA  from  various  organs  of  the  male  rat  was 
isolated  with  RNAzol  (TEL-TEST).  Twenty  micrograms  of  total  RNA/ 
lane  were  separated  on  1%  formaldehyde  agarose  gel,  transformed  onto 
Zeta-Probe  membrane  (Bio-Rad),  and  then  hybridized  with  32P-labeIed 
DIP1/2  or  glyceraldehyde-3-phosphate  dehydrogenase  cDNA  probe. 

Generation  of  the  Anti-DIPll2  Polyclonal  Antibody— A  peptide  se¬ 
quence  (CTNPTKLQITENGEFRNSSNC)  corresponding  to  DIP1/2 
amino  acid  residues  976-996,  with  an  extra  cysteine  at  the  N  terminus 
as  a  linker,  was  synthesized  and  used  as  the  antigen  to  immunize 
rabbits  for  generating  polyclonal  antibody  by  Zymed  Laboratories  Inc. 
Laboratory.  After  7  weeks,  rabbits  were  sacrificed  to  collect  antiserum 
after  the  fourth  boosting  injection  of  antigen.  SulfoLink  gel  (Pierce)  was 
coupled  with  the  synthetic  peptide  and  then  blocked  with  50  mM  cys¬ 
teine  in  50  mM  Tris,  5  mM  EDTA,  pH  8.5;  it  was  then  washed  with  1  m 
NaCl.  Antibodies  against  DIP1/2  were  first  purified  by  slowly  passing 
the  antiserum  to  the  coupled  SulfoLink  gel.  After  washing  with  five 
column  volumes  of  1  M  NaCl,  they  were  eluted  with  elution  buffer  from 
the  Sulfolink  kit  (Pierce).  Purified  antibodies  were  dialyzed  overnight 
against  4  liters  of  deionized  water  at  4  °C. 

Coimmunoprecipitation  and  I mmunoblotting—  COS  cells  were  co¬ 
transfected  with  a  series  of  T7-tagged  DOC-2/DAB2  vectors  (wild  type 
(p82),  slicing  form  (p59),  N-terminal  deletion  mutant  (AN),  and  C- 
terminal  deletion  mutant  (AB))  and  HA-tagged  DIP1/2  vector.  Cells 
were  lysed  with  a  buffer  (50  mM  Tris,  pH  7.5,  1%  Nonidet  P-40,  1  mM 
EDTA)  and  a  mixture  of  protease  and  phosphatase  inhibitors  (1  mM 
phenylmethylsulfonyl  fluoride,  0.2  mM  sodium  orthovanadate,  0.1  mM 
sodium  fluoride,  10  /xg/ml  aprotinin,  10  /xg/ml  leupeptin).  The  superna¬ 
tant  was  collected  and  incubated  overnight  with  either  60  pi  of  T7- 
antibody-conjugated  agarose  bead  solution  (50%  actual  volume)  or  60  pi 
of  protein  A-agarose  beads  with  10  pg  of  HA-antibody  at  4  °C.  After 
incubation,  pellets  were  washed  eight  times  and  subjected  to  a  10% 
SDS-PAGE  and  Western  blot  analysis. 

Purification  of  the  GST  Fusion  Protein  and  Ras  GAP  Activity  As¬ 
says— -The  minimal  GAP  domain  of  DIP1/2  cDNA  was  amplified  by  PCR 
using  primers  5'-GGGATCCCAGAACGCAACAGC-3'  and  5'-AGAAT- 
TCTTAGCTTGAGCTGCGGGC AGG-3 ' .  The  amplified  fragment  was 
subcloned  in-frame  into  the  pGEX-5X  vector  and  transformed  into  the 
E.  coli  strain  of  BL21.  The  bacteria  culture  was  induced  with  2.5  mM 
isopropyl-l-thio-/3-D-galactopyranoside  at  37  °C  for  4  h.  The  bacterial 
pellet  was  washed  once  with  cold  PBS.  After  spin,  the  pellet  was 
resuspended  in  PBS  and  subjected,  five  times,  to  30-s  sonication.  The 
GST-GAP  fusion  protein  was  purified  according  to  the  manufacturer's 
manual  (Roche  Molecular  Biochemicals),  and  the  purified  protein  was 
analyzed  using  10%  SDS-PAGE  analysis  and  followed  by  GELCODE 
Blue  staining  (Pierce).  Assay  of  Ras  GAP  activity  in  vitro  was  performed 
according  to  Kim  et  al  (14).  To  prepare  GTP-bound  Ras  protein,  0.25  pM 
human  recombinant  Ha-Ras  protein  (Calbiochem)  was  incubated  with 
20  nM  [y-32P]GTP  (6000  Ci/mmol;  PerkinElmer  Life  Sciences)  in  a 
buffer  containing  20  mM  HEPES  (pH  7.3),  1  mM  EDTA,  2  mM  dithio- 
threitol,  and  1  mg/ml  bovine  serum  albumin  for  5  min  at  room  temper¬ 
ature.  Up  to  1  pg  of  either  GST-GAP  or  GST  protein  alone  was  added 
into  a  buffer  containing  20  mM  HEPES,  pH  7.3,  5  mM  MgCl2,  and  1  mM 
dithiothreitol.  The  loaded  Ras  was  then  incubated  with  either  GST- 
DIP1/2  or  GST  for  the  indicated  time,  and  the  reaction  was  stopped  by 
adding  5  volumes  of  ice-cold  20  mM  HEPES,  pH  7.3,  and  1  mM  MgCl2. 
The  reaction  mixture  was  then  filtered  through  0.45-pm  HA  membrane 
(Millipore  Corp.).  Filters  were  air-dried  and  then  subjected  to  scintilla¬ 
tion  counting. 

C4-2  cells  were  transfected  with  either  HA-tagged  Ras  alone  or 
HA-tagged  Ras  and  DIP1/2.  Two  days  after  transfection,  cells  were 
treated  overnight  with  T  medium  without  serum,  and  100  ng/ml  EGF 
was  added  for  20  min.  Then  cells  were  lysed  with  lysis  buffer  (PBS  with 
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5  mM  MgCl2  and  1%  Triton  X-100).  The  whole  lysate  was  spun  down, 
and  the  supernatants  were  added  with  10  pi  of  Raf-conjugated  agarose 
beads  (Upstate  Biotechnology,  Inc.,  Lake  Placid,  NY).  The  mixtures 
were  incubated  at  4  °C  for  30  min.  Pellets  were  spun  down  and  washed 
four  times  with  the  same  lysis  buffer,  and  20  ml  of  lx  SDS-PAGE 
sample  buffer  was  added  to  the  pellets  and  incubated  at  100  °C  for  3 
min.  Treated  samples  were  loaded  on  SDS-PAGE  gel,  and  Ras-Raf 
binding  was  detected  using  Western  blot. 

Generation  of  pCI-DIPl! 2  Mutants  and  pGEX-SX-DIPl  12  Con¬ 
structs — To  make  mutants  of  DIP1/2  and  the  GST  fusion  DIP,  the 
QuikChange™  site-directed  mutagenesis  kit  was  employed.  Site-directed 
mutagenesis  was  performed  by  PCR  according  to  the  manufacturer  (Strat¬ 
agene).  Oligonucleotide  used  for  each  mutant  was  5 '  -GGAC  AATGAGC  AC- 
CTCATCTTTCTGGAGAACAC ATTGGCC ACCAAGG-3 ' .  Briefly,  after  de¬ 
naturing  the  wild  type  plasmids,  the  oligonucleotide  primer  was  annealed 
with  template  DNA  and  then  extended  with  Pfu  Turbo  DNA  polymerase. 
After  PCR,  the  methylated  and  nonmutated  parental  DNA  template  was 
digested  with  Dpnl.  The  XL-1  Blue  cells  were  then  transformed  with  Dpnl- 
treated  DNA  for  selecting  the  mutated  DNA.  Mutants  were  verified  by 
sequencing. 

In  Vitro  Characterization  of  the  Effect  of  DIP  112  on  Prostate  Can¬ 
cer — To  determine  the  effect  of  DIP1/2  on  prostate  cancer  cells,  we 
studied  1)  gene  transcription  using  either  serum  response  element 
(SRE)  or  TPA  response  element  (TRE)  reporter  gene  assays  and  2)  cell 
growth  using  both  crystal  violet  and  colony  formation  assays. 

For  reporter  gene  assay,  C4-2  cells  were  transiently  transfected  with 
either  SRE  or  TRE  reporter  plasmids  in  the  combination  of  DIP1/2,  AB, 
and  AB-S24A  expression  vectors.  Two  days  after  transfection,  T  medium 
with  0.5%  FBS  was  changed  for  another  24  h,  and  then  either  50  ng/ml 
EGF  or  100  ng/ml  TPA  was  added  to  the  cells  for  an  additional  14  h. 
Luciferase  activity  assays  were  performed  as  described  previously  (11). 

Using  LipofectAMINE  (Invitrogen),  C4-2  cells  (2  X  105)  were  trans¬ 
fected  with  2  pg  of  pCI-DIPl/2  or  2  pg  of  pCI-neo  (control).  Two  days 
after  transfection,  cells  were  selected  with  G418  (800  pg/ml),  and  an 
individual  colony  was  cloned  by  ring  isolation  (4).  The  in  vitro  growth 
rate  of  each  clone  was  determined  by  plating  cells  in  a  24-well  plate  at 
a  density  of  5000  cells/well  with  T  medium  containing  2%  TCM™ 
(Celox)  and  0.5%  FBS.  At  the  indicated  days,  cell  numbers  were  deter¬ 
mined  by  crystal  violet  assay  (15). 

For  the  colony  formation  assay,  C4-2  cells  (3  X  104)  were  pleated  on 
a  35-mm  dish  with  T-medium  containing  5%  FBS  and  co-transfected 
with  0.2  pg  of  /3-galactosidase  expression  vector  with  0.8  pg  of  cDNAs  as 
indicated.  Twenty-four  hours  after  transfection,  cells  were  changed  to 
T-medium  containing  0.2%  FBS.  At  the  indicated  time,  cells  were 
washed  with  cold  PBS  twice  and  fixed.  The  number  of  blue  cells  was 
counted  by  /3-gal actosidase  staining  according  to  Yeung  et  al.  (16). 

RESULTS 

Identifying  and  Cloning  DIP  cDNA — DOC-2/DAB2’s  first 
260  amino  acids  were  used  as  a  “bait”  sequence  in  the  yeast 
two-hybrid  system  to  search  for  protein(s)  that  interacts  with 
the  N-terminal  domain  of  DOC-2/DAB2  (17).  Of  10,000  trans¬ 
formants  screened,  36  positive  clones  were  selected,  and  two 
positive  clones  (DIP1,  DIP2)  were  further  analyzed.  These  two 
clones  shared  overlapping  sequence  and  were  identical.  How¬ 
ever,  since  neither  alone  contained  a  full-length  sequence,  we 
designated  the  full-length  sequence  “DIP1/2.” 

To  obtain  the  full-length  cDNA  of  DIP1/2,  a  A  ZAP  cDNA 
library  from  a  rat  brain  was  screened.  Eleven  clones  spanned 
about  6.3  kb  and  represented  two  different  sizes  of  DIP1/2 
mRNA  transcripts  with  different  5'  upstream  sequences  (Fig. 
LA).  The  DIP  1/2  was  predicted  to  have  an  open  reading  frame 
of 996  amino  acids  and  a  calculated  molecular  mass  of  110  kDa. 

According  to  the  deduced  protein  sequence,  DIP  1/2  appears 
to  be  a  novel  protein  with  several  potential  functional  domains 
(Fig.  LB).  Its  key  feature  is  the  Ras  GAP  homology  domain, 
which  spans  from  residues  177  to  409  and  is  present  in  all 
members  of  the  Ras  GAP  family  (18).  Also,  DIP1/2  had  a 
stretch  of  10  proline  repeats  (residues  727-736)  with  the  ca¬ 
pacity  to  bind  to  proteins  containing  an  Src  homology  3  domain 
(19)  and  a  leucine  zipper  dimerization  domain  (residues  842- 
861)  for  protein  dimerization  (20).  The  amino  acid  sequence 
alignment  of  DIPl/2’s  GAP  domain  with  other  Ras  GAP  pro- 
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Fig.  1.  Schematic  display  and 
amino  acid  sequence  analysis  of 
DIP1/2.  A,  diagram  of  different  5 '-un¬ 
translated  sequences  between  two  iso¬ 
forms  of  DIP1/2  cDNAs.  PR,  proline-rich 
motif;  LZ,  leucine  zipper  domain.  B,  three 
distinct  domains  of  DIP1/2  protein:  GAP 
domain  ( boldface  type),  10-proline  repeats 
(i italic  type),  and  a  leucine  zipper  domain 
(i underlined ).  C,  multiple  sequence  align¬ 
ment  of  the  GAP  domain  of  DIP1/2  with 
GAP120,  Homo  sapiens  neurofibromin 
(hNFl),  synaptic  Ras  GAP  (SynGAP), 
Rattus  norvegicus  Ras  GAP  ( rn-GAP ),  and 
a  novel  human  Ras  GAP  (nGAP).  Boldface 
letters  indicate  the  consensus  amino  acid 
residues  within  the  Ras  GAP  domain. 


MENLRRAVHP  NKDNSRRVEH  ILKLWVIEAK  DLPAKKKYLC  CLCLDDVLYA  50 
RTTGKLKTDN  VFWGEHFEFH  NLPPLRTVTV  HLYRETDKKK  KKERNSYLGL  100 
VSLPAASVAG  RQFVEKWYPV  VTPNPKGGKG  PGPMIRIKAR  YQTITILPME  150 
MYKEFAEHIT  NHYLGLCAAL  EPILSAXTKE  EMAS  ALVEI  L  QSTGKVXDFL  200 
TDLMHSEVDR  CGDNEHLIFR  ENTLATKGIE  EYLKLVGHYL  LQDALCEFIJC  250 
ALYESDENCE  VDPSKCSAAD  LPEHQGKLKM  CCELAFCKII  NSYCVFPREL  300 
REVFASWRQE  CSSRGRPDIS  ERLISASLFL  RFLCPAIMSP  SLFKLLQEYP  350 
DDRTARTLTL  IAKVTQNLAN  FAKFGSKEEY  MSFMNQFLEH  EWTNKQRFLL  400 
EISNPETLSN  TAGFEGYIDL  GRELSSLHSL  LWEAVSQLDQ  SIVSKLGPLP  450 
RILRDVHTAL  STPGSGQLPG  TNDLASTPGS  GSSSVSTGLQ  KMVIENDLSG  500 
LIDFTRLPSP  TPENKDLFFV  TRSSGVQPSP  ARSSSYSEAN  EPDLQMANGS  550 
KSLSMVDLQD  ARTLDGEAGS  PVGPEALPAD  GQVPATQLVA  GWPARAAPVS  600 
LAGLATVRRA  VPTPTTPGTS  EGAPGRPQLL  APLSFQNPVY  QMAAGLPLSP  650 
RGLGDSGSEG  HSSLSSHSNS  EELAAAAKLG  SFSTAAEELA  RRPGELARRQ  700 
MSLTEKGGQP  TVPRQNSAGP  QRRIDQPPPP  PPPPPPAPRG  RTPPTMLSTL  750 
QYPRPSSGTL  ASASPDWAGP  GTRLRQQSSS  SKGDSPELKP  RALHKQGPSP  800 
VSPNALDRTA  AWLLTMNAQL  LED EG LG POP  PHRDRLRSKE  ELSQAEKDLA  850 
VLQDKLRIST  KKLEEYETLF  KCQEETTQKL  VLEYQARLEE  GEERLRRQQE  900 
DKDVQMKGII  SRLMSVEEEL  KKDHAEMQAA  VDSKQKIIDA  QEKRIASLDA  950 
ANARLMSALT  QLKERYSMRA  RNGVSPTNPT  KLQITEMGEF  RNSSNC  996 

c 


DIP1/2 

SynGAP 

rn-GAP 

nGAP 

hNFl 

P120GAP 


GKVKDFLTDLMMSKVDR  -  CGDNEHXiI  FRENTLATKGIEEYIiKX,VGHKYLQDA 
GKAKDFI.SDMAMSBVDRFMERE-HLXPRENTIATKAIEEYMRliIGQKYt.KDA 
KLESLLLCTLNDRBIS  — MEDEATTLFRATTIASTLMEQYMKATATQFVHHA 
GRAKDFLTDLVMSBVDR - CGEHDVLI FRENTIATKS  X  EEYLKLVGQQYLHDA 
HLLYQLLWNMFSKEVE - - LADSMQTLFRGN S  IAS KX MTFCF KVY CATYLQKL 
KLESLLLCTLNDREISM- - EDEATTLFRATTtASTLMEQYMKATATQFVHHA 


DXP1/2  LCEFIKALYESDE - NCEVDP S KCSAAD - LPEHQGNLKMCCE LAFCKI I 

SynGAP  XGEFIRALYESEE - NCEVDPXKCTAS -SIAEKQANLRMCCELALCKVV 

m-GAP  LKDSILKIMESKQ - SCELSPSKLEKNEDVNTNLAHLLSXLSELVEKIF 

nGAP  LGEFXKALYESDE - NCEVDPSKCSSSE-LXDHQSNLKMCCELAFCKIX 

hNFl  L-DPLLRIVITSSDWQHVSFEVDPTRLEPSESLEENQRNLLQMTEKFFHAII 

P120GAP  LKDSILKIMESKQ - SECLSPSKLKKNEDVNTNLTHLLNILSELVEKIF 


DIP1/2  NS YCVFPRELKE VFASWRQECS  SR- - GRPD I SERL ISAS LFLRFLCPAXMS P 

SynGAP  NS  HCVFPRE  LKEVFASWRL  RGAE  R - -GREDIADRLISASLFLRFLCPAXMSP 

m-GAP  MASE ILP  PTLRY I YGCLQKS  VQHKW  PTNNTMRTRWSGFVFLRL I CPAX  LNP 

nGAP  NSYCVFPRELKEVFASWKQQCLNR- -GKQDISERLXSASLFLRFLCPAIMSP 

hNFl  SSSSEFPPQLRSVCHCLYQWSQRFPQNSIG - AVGSAMFLRFINPAXVSP 

pl2  OGAP  MASEILPPTLRYIYGCLQKSVQHKWPTMTTMRTRWSGFVFLRLICPAXLNP 


DI PI /2  SLFNLLQEYPDDRTARTLTLIAKVTQNIANFAKFGSKKEYMSFMNQFLEHE- 
SynGAP  SLFGLMQEYPDEQTSRTLTLIAKVIQNIANFSKFTSXBDFLGFMNEFLELE - 
m-GAP  RMFNIXSDSPSPXAARTLTLVAKSVQNLANLVEFGAKHPYMEGVNPFXKSN- 
nGAP  SLFNLMQE  YPDDRTSRTLTLXAKVIQN1ANFAKFGNKBEYMAFMNDFLEHE  - 
hNFl  YEAG I LDKKP  PPR I ERGLKLMSK ILQS I  AKfHVLF  -  TKBEHMRPFNDFVKSNF 
pl20GAP  RMFNIISDSPSPIAARTLILVAKSVQNLANLVEFGAKKPYMEGVNPFIKSN- 


DIP1/2  WTNMQRFLLEI SNPETLS 
SynGAP  WGSMQQFLYEXSNLDTLT 
rn-GAP  KHRMIMFLDELGNVPELP 
nGAP  WGGMKRFLLEXSNPDTIS 
hNFl  DAARRFFLDIASDCPTSD 
pl20GAP  KHRMIMFLDELGNVPELP 


teins  (Fig.  1C),  including  pl20GAP,  Homo  sapiens  neurofibro- 
mine  (hNFl),  Rattus  norvegicus  Ras  GAP  ( rnGAP ),  a  novel 
human  Ras  GAP  (nGAP),  and  synaptic  Ras  GAP  (SynGAP), 
shows  that  DIP  1/2  contains  all  of  the  critical  consensus  amino 
acids  for  Ras  GAP  activity  (21).  This  suggests  that  DIP1/2  can 
function  as  a  Ras  GAP. 

Characterizing  the  DIP  1/2  Expression  Profile — Northern  blot 
analysis  indicated  that  steady-state  levels  of  DIP  1/2  mRNA 
(about  6.9  kb)  are  detected  in  brain,  lung,  thymus,  bladder,  and 
skeletal  muscle  tissue  (Fig.  2A).  In  both  brain  and  kidney,  a 
different  size  of  RNA  transcript  with  9.6  kb  was  found  that  may 
represent  DIPl/2a  with  an  additional  S'-upstream  sequence. 
Nevertheless,  steady-state  levels  of  DIP1/2  mRNA  were  not 
detected  in  several  urogenital  organs  including  the  ventral 
prostate,  dorsal  lateral  prostate,  seminal  vesicle,  and  coagulat¬ 


ing  gland.  However,  detectable  DIP1/2  mRNA  levels  (Fig.  2A) 
were  detected  in  Noble  rat  prostate  epithelia  (NbE)  and  Spra- 
gue-Dawley  rat  prostate  epithelia  (VPE)  from  basal  cells  of  the 
ventral  prostate.  Increased  levels  were  not  detected  in  stromal 
cells  (i.e.  NbF  and  VPF)  from  the  same  animals.  This  indicates 
that  DIP  1/2  preferentially  expresses  in  the  prostatic  basal  ep¬ 
ithelial  cells.  Further  Northern  analysis  (Fig.  2 B)  indicated 
that  expression  of  DIP1/2  mRNA  increased  in  degenerated 
prostates  in  a  time-dependent  manner,  and  the  expression 
patterns  of  DIP1/2  and  DOC-2/DAB2  mRNA  concur.  These 
findings  suggest  that  both  genes  co-express  in  the  enriched 
basal  cell  population  during  prostate  degeneration  (Fig.  2 B). 

A  polyclonal  antibody  was  raised  against  a  synthetic  peptide 
derived  from  the  C  terminus  of  DIP1/2.  With  this  antibody,  a 
major  band  of  110  kDa  was  detected  from  the  in  vitro  tran- 
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Fig.  2.  Profile  of  DIP1/2  mRNA  expression  in  various  rat  or¬ 
gans  and  cell  lines.  A,  Northern  blot  analysis  was  performed  to  detect 
expression  of  DIP1/2  mRNA  in  different  organs.  B,  increased  expression 
of  DIP1/2  and  DOC-2/DAB2  mRNA  in  degenerated  ventral  prostate. 
Total  cellular  RNA  (20  pg)  from  each  organ  or  cell  line  were  subjected 
to  Northern  analysis  using  32P-labeled  DIP1/2  probe  (1  x  106  cpm/ml). 
NbE,  prostatic  epithelia  from  Noble  rat;  NbFy  prostatic  fibroblasts  from 
Noble  rat;  VPE,  prostatic  epithelia  from  Sprague-Dawley  rat;  VPF, 
prostatic  fibroblasts  from  Sprague-Dawley  rat;  VP,  ventral  prostate; 
DLP,  dorsolateral  prostate;  SV,  seminal  vesicle;  CG ,  coagulating  gland. 
The  probe  made  from  glyceraldehyde-3-phosphate  dehydrogenase 
( GAPDH )  cDNA  was  used  as  an  internal  control. 


scription  and  translation  of  DIP1/2  cDNA  (Fig.  3A).  To  further 
test  the  specificity  of  this  antibody,  serum  was  incubated  with 
increasing  concentrations  of  synthetic  peptide  of  DIP1/2,  rang¬ 
ing  from  20  to  200  jag/ml,  prior  to  probing  with  the  blotted 
membrane.  Results  (Fig.  3A)  indicated  that  the  synthetic  pep¬ 
tide  effectively  competes  with  the  antibody  in  ability  to  bind  to 
the  DIP1/2  protein. 

The  increased  protein  expression  of  DIP1/2  was  seen  in  de¬ 
generated  prostate  tissue  (Fig.  3 B),  consistent  with  elevated 
DIP1/2  mRNA  levels  detected  in  degenerated  prostate  (Fig. 
2 B).  Since  they  were  parallel  with  DOC-2/DAB2  levels,  these 
results  (Fig.  3 B)  suggest  that  both  DIP  1/2  and  DOC-2/DAB2 
proteins  coexist  in  degenerated  prostate. 

To  further  understand  the  profile  of  DIP  1/2  and  DOC-2/ 
DAB2  expression  in  human  prostate  cancer,  we  screened  a 
variety  of  prostate  cancer  cell  lines.  In  Western  blot  analysis, 
only  a  110-kDa  protein  band  was  detected  in  cell  lysate  of 
human  prostate  cells,  indicating  that  the  antibody  also  recog¬ 
nizes  the  homologue  of  human  DIP1/2  (hDIPl/2).  The  sequence 
of  hDIPl/2  is  very  similar  to  that  of  rDIPl/2.2  As  shown  in  Fig. 
3C,  we  found  that  DIP1/2  and  DOC-2/DAB2  proteins  were 


2  Hong,  C.,  Pong,  R-C.,  Wang,  Z.,  and  Hsieh,  J.  T.,  Genomics ,  in  press. 
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Fig.  3.  Characterization  of  anti-DIPl/2  polyclonal  antibody 
and  determination  of  DIP1/2  protein  levels  in  rat  organs  and 
human  prostate  cell  cultures.  A,  in  vitro  translated  DIP1/2  protein 
(5  g.1)  was  subjected  to  Western  blot  analysis  probed  with  anti-DIPl/2 
polyclonal  antibody  with  the  indicated  amount  of  synthetic  peptide.  B , 
100  pg  of  protein  were  analyzed  from  degenerated  ventral  prostate 
harvested  at  the  indicated  time  by  Western  blot  with  anti-DIPl/2  an¬ 
tibody,  DOC-2/DAB2  monoclonal  antibody,  or  anti-actin  antibody.  C,  60 
pg  of  cell  extract  were  subjected  to  Western  blot  analysis.  PrEC,  PZ- 
HPV-7,  and  SWNPC2  are  normal  primary  prostatic  epithelial  cells; 
SWPCl  and  SWPC2  are  primary  prostate  cancer  cells;  TSU-Prl,  LN- 
CaP,  C4-2,  MDAPCa.,.,,  and  MDAPCa2b  are  metastatic  prostate  cancer 
cell  lines.  D,  cell  lysate  from  rat  brain  or  prostate  was  incubated 
overnight  with  protein  A-Sepharose  beads  alone  or  the  beads  plus 
either  DOC-2/DAB2  antibody  (Transduction  Laboratories)  or  DIP  1/2 
antibody  at  4  °C.  The  blots  were  probed  with  either  p96  antibody  or 
DIP1/2  antibody.  IP,  immunoprecipitation;  IB,  immunoblotting. 


present  in  both  normal  primary  epithelial  cells  (PZ-HPV-7, 
PrEC,  and  SWNPC2)  and  primary  tumors  (SWPCl  and 
SWPC2).  However,  a  significant  decreased  expression  of 
DIP  1/2  was  detected  in  several  metastatic  cell  lines  such  as 
TSU-Prl,  LNCaP,  C4-2,  MDAPCa2a,  and  MDAPCa2b,  cancer 
cell  lines.  We  believe  this  indicates  that  DIP1/2  is  involved  in 
the  progression  of  prostate  cancer. 

Specific  Interaction  between  DIP  1/2  and  DOC-2/DAB2 — Be¬ 
cause  data  from  the  yeast  two-hybrid  screening  indicated  that 
DIP1/2  and  DOC-2/DAB2  directly  interact,  we  further  exam¬ 
ined  whether  these  two  native  proteins  interact  with  each  other 
using  brain  and  prostate  as  tissue  sources.  Using  antibodies 
against  either  DOC-2/DAB2  (transfection)  or  DIP1/2  in  a  co- 
immunoprecipitation  experiment,  we  demonstrated  that  en¬ 
dogenous  DIP1/2  and  DOC-2/DAB2  proteins  were  present  in 
the  same  immune  complex  (Fig.  3D).  Noticeably,  there  were 
two  sizes  of  DIP1/2  protein  in  the  rat  brain  (molecular  masses 
of  110  and  135  kDa,  respectively)  (Fig.  3D),  and  the  predomi¬ 
nant  protein  appears  to  be  135  kDa,  which  may  correspond  to 
the  9.6  kb  of  DIP1/2  mRNA  detected  in  brain  tissue  (Fig.  2A). 

To  confirm  whether  DIP1/2  only  interacts  with  the  N-termi- 
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Fig.  4.  Direct  interaction  between  DIP1/2  and  DOC-2/DAB2  or 
DAB1.  COS  cells  were  cotransfected  with  different  T7-tagged  DOC-2/ 
DAB2  constructs  and  HA-tagged  DIP1/2  constructs  for  48  h.  The  su¬ 
pernatants  were  immunoprecipitated  with  either  T7-antibody-conju- 
gated  agarose  beads  (A)  or  HA-antibody  plus  protein  A/G-agarose  beads 
( B ).  After  centrifugation,  pellets  were  subjected  to  immunoblotting 
analysis.  The  levels  of  protein  expression  from  each  transfection  were 
determined  by  Western  analysis  (C  and  D ).  Cell  lysate  was  prepared 
from  COS  cells  transfected  with  each  expression  vector  and  subjected  to 
pull-down  by  glutathione  beads  and  then  probed  with  DIP1/2  antibody 
(E).  IP ,  immunoprecipitation;  IB,  immunoblotting. 


nal  domain  of  DOC-2/DAB2,  we  used  a  series  of  T7-tagged 
DOC-2/DAB2  wild  type  (p82),  slicing  form  (p59),  N-terminal 
deletion  mutant  (AN),  and  C-terminal  deletion  mutant  (AB))  as 
described  previously  (11),  and  an  HA-tagged  DIP1/2  construct. 
Cells  were  co-transfected  with  both  vectors  for  24  h,  and  then 
cell  lysates  were  immunoprecipitated  with  T7-antibody  (for 
DOC-2/DAB2)  and  then  probed  with  HA-antibody  (for  DIP  1/2). 
The  presence  of  DIP  1/2  was  only  detected  in  the  cells  co-trans¬ 
fected  with  DIP1/2  and  DOC-2/DAB2  containing  the  N  termi¬ 
nus,  such  as  p59,  p82,  and  AB,  but  not  in  the  cells  co-trans¬ 
fected  with  DIP  1/2  and  the  C  terminus  of  DOC-2/DAB2  (AN) 
(Fig.  4A).  Conversely,  using  HA-antibody  for  immunoprecipita¬ 
tion  and  then  probing  with  T7-antibody,  we  demonstrated  that 
DIP1/2  protein  can  be  co-preeipitated  with  p59,  p82,  and  AB 
protein  but  not  with  AN  protein  (Fig.  4£).  Furthermore,  to  rule 
out  the  possible  experimental  artifact  that  is  due  to  differential 
protein  expression  in  each  transfection,  levels  of  each  recombi¬ 
nant  protein  were  determined  by  Western  analysis  and  ap¬ 
peared  to  be  identical  (Fig.  4,  C  and  D).  Taken  together,  these 
data  indicate  that  DIP  1/2  protein  only  interacts  with  the  N- 
terminal,  not  the  C-terminal,  domain  of  DOC-2/DAB2  protein. 

Since  DAB1  and  DOC-2/DAB2  share  a  high  degree  of  homol¬ 
ogy  at  the  PTB  domain,  we  also  examined  whether  mouse 
DAB1  can  interact  with  DIP1/2.  Two  mouse  DAB1  cDNA  clones 


(PTB,  B3)  were  used  (22),  and  we  found  that  DIP1/2  interacts 
with  DAB-PTB  (amino  acids  29-197)  but  not  DAB-B3  (amino 
acids  107-243),  since  DAB-B3  contains  partial  PTB  sequences 
(22). 

Function  of  DIP  112  in  Vitro  and  in  Vivo — Due  to  the  high 
sequence  homology  between  DIP1/2  and  other  Ras  GAPs,  we 
thought  it  likely  that  DIP1/2  facilitates  Ras  GTPase  activity. 
To  test  this,  we  prepared  a  GST-DIP1/2  fusion  protein  contain¬ 
ing  the  minimal  Ras  GAP  domain  (23),  and  either  this  fusion 
protein  or  GST  protein  was  incubated  with  human  recombi¬ 
nant  [y-32P]  GTP-bound  Ha-Ras  protein.  The  increasing 
amounts  of  GST-DIP1/2  (ranging  from  0.2  to  1  fig)  stimulated 
Ras  GTPase  activity  in  a  dose-dependent  manner  (Fig.  5A). 
Conversely,  control  GST  protein  (1  p,g)  had  no  effect  on  Ras 
GTPase  activity. 

To  further  compare  the  Ras  GAP  activity  of  DIP1/2  with  a 
known  Ras  GAP  protein  (GAP120),  we  created  a  DIP1/2  cDNA 
construct  (DIPl/2m)  as  a  control  with  a  point  mutation  (R220L) 
that  may  disrupt  GAP  activity.  As  shown  in  Fig.  5 B,  the  overall 
GAP  activity  between  pl20GAP  and  DIP1/2  is  very  similar,  and 
the  DIPl/2m  did  not  have  any  GAP  activity  toward  Ha-Ras. 
These  data  clearly  demonstrate  that  DIP  1/2  can  stimulate 
GTPase  activity  of  Ha-Ras  in  vitro.  To  examine  the  specificity 
of  DIP1/2  to  other  small  G-proteins  such  as  K-Ras,  R-Ras, 
TC21,  and  RaplA,  we  found  that  DIP1/2  has  a  similar  GAP 
activity  as  pl20GAP  by  stimulating  GTPase  activity  of  K-Ras, 
R-Ras,  and  TC21  but  not  RaplA  (Fig.  5C).  These  data  indicate 
that  DIP1/2  is  a  typical  Ras  GAP. 

Early  study  of  Ras  signal  transduction  indicates  that  Raf  is 
an  immediate  downstream  effector  for  Ras  signaling  (24).  Be¬ 
cause  Raf  binds  tightly  to  the  GTP-bound  form  of  Ras  but  not  to 
the  GDP-bound  form,  such  differential  affinity  can  be  used  to 
determine  the  GTP-bound  status  of  Ras.  To  analyze  the  GAP 
activity  of  DIP1/2  in  vivo ,  C4-2  cells  (25)  were  transfected  with 
vectors  expressing  HA-tagged  Ras,  DIP  1/2,  or  DIPl/2m.  After 
activating  Ras  using  EGF,  the  GTP-bound  form  of  Ras  was 
precipitated  with  GST-RBD  (GST-Raf  containing  Ras  binding 
domain).  Precipitated  Ras  was  detected  using  the  HA-antibody. 
As  shown  in  Fig.  5 D,  in  the  presence  of  EGF,  the  amount  of 
GTP-bound  Ras  increased  over  that  of  the  control.  Levels  of  the 
GTP-bound  Ras  significantly  decreased  in  cells  expressing 
DIP1/2;  however,  DIPl/2m  failed  to  stimulate  Ras  GTPase  in 
cells  treated  with  EGF.  The  whole  cell  lysates  were  examined 
for  expression  of  DIP1/2  and  Ras  proteins,  and  results  demon¬ 
strated  that  expressions  of  DIP1/2  and  Ras  were  identical 
between  each  transfection.  These  results  indicate  that  DIP  1/2 
can  function  as  a  Ras  GTPase-activating  protein  in  vivo .  There¬ 
fore,  we  conclude  that  DIP  1/2  functions  as  a  Ras  GAP  in  vivo 
and  in  vitro. 

Regulation  of  the  Ras-Raf  Signaling  Pathway  by  DIP  1/2— 
The  Ras  protein  functions  as  an  essential  component  in  many 
intracellular  signaling  pathways  responsible  for  differentia¬ 
tion,  proliferation,  and  apoptosis  (26).  The  Raf-MEK-ERK 
pathway  is  a  key  signal  transduction  pathway  modulated  by 
Ras  protein  (27).  The  downstream  components  of  this  pathway, 
including  AP-1,  which  binds  to  TRE,  and  EIK-1,  which  binds  to 
SRE,  subsequently  activate  gene  expression  (28-30).  Since 
PKC  is  able  to  activate  the  RaPMEK/ERK  axis  (31,  32),  we 
investigated  the  impact  of  DIP1/2  on  this  cascade.  As  shown  in 
Fig.  6A,  in  the  absence  of  EGF,  increased  expression  of  DIP1/2 
could  inhibit  the  basal  levels  of  SRE  reporter  gene  activity  in 
prostate  cancer  cells. 

The  presence  of  EGF  increased  the  reporter  gene  activity  at 
least  5-fold.  However,  DIP1/2  could  inhibit  the  reporter  gene 
activity  in  a  dose-dependent  manner.  Using  the  same  reporter 
gene  assay,  we  found  that  DIP  1/2  or  AB,  a  DOC-2/DAB2  cDNA 
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containing  the  N-terminal  domain  (11),  alone  can  suppress 
SRE  activity  (Fig.  65),  but  co-expression  of  AB  and  DIP1/2  had 
an  additive  effect  on  the  inhibition  of  SRE  activity  in  the 
presence  of  TPA.  These  data  indicate  that  physical  interaction 
between  DIP1/2  and  DOC-2/DAB2  has  functional  impact  on 
Ras-mediated  signal  transduction. 

Previously,  we  demonstrated  that  PKC-elicited  DOC -2/ 
DAB2  phosphorylation  can  block  TPA-induced  gene  activity 
(11).  Therefore,  we  investigated  whether  DIP  1/2  is  a  mediator 
involved  in  this  action.  We  employed  the  C4-2  cell  line  because 
both  DOC-2/DAB2  and  DIP1/2  are  not  detectable.  Either  a  high 
concentration  of  AB  or  DIP  1/2  alone  was  able  to  inhibit  TPA- 
induced  TRE  reporter  gene  activity  (Table  I).  At  this  concen¬ 
tration,  we  observed  only  an  additive  effect  on  inhibiting  TRE 
reporter  gene  activity  in  the  presence  of  AB  and  DIP1/2.  When 
the  concentration  of  AB  or  DIP1/2  decreased  to  0.1  or  0.2  fig , 
respectively,  we  noticed  that  the  inhibitory  effect  of  each  indi¬ 
vidual  cDNA  reduced  significantly.  Transfecting  both  cDNAs 
at  this  concentration,  we  observed  a  synergistic  inhibitory  ef¬ 
fect  on  C4-2  cells.  On  the  other  hand,  combing  the  AB-S24A 
mutant  with  DIP1/2  failed  to  have  any  synergistic  effect;  it 
appears  that  Ser24,  a  PKC  substrate,  in  DOC-2/DAB2  is  the  key 
amino  acid  to  modulate  this  activity.  Thus,  the  binding  of 
DIP  1/2  to  AB  can  be  enhanced  by  TPA,  whereas  AB-S24A 
cannot  (Fig.  6C).  Taken  together,  these  data  indicate  that  the 
interaction  between  DIP1/2  and  the  N-terminal  domain  of 
DOC-2/DAB2  has  a  significant  functional  impact  on  gene 
transcription. 

Biological  Effect  of  DIP  1/2  on  Prostate  Cancer  Cells — Be¬ 
cause  DIP1/2  appears  to  be  a  negative  regulator  for  the  Ras- 
mediated  pathway,  it  may  function  as  a  growth  inhibitor.  To 
test  this,  C4-2  cells  (a  tumorigenic  human  prostate  cancer  cell 
line)  were  transfected  with  a  DIP  1/2  expression  vector.  Ini¬ 
tially,  we  observed  that  there  were  fewer  surviving  clones  in 
the  DIPl/2-transfected  plate  than  in  plasmid  control-trans¬ 
fected  cells  despite  the  same  number  of  cells  being  used  in 
transfection.  After  isolating  two  independent  colonies  (Dl,  D2), 
the  protein  levels  of  DIP1/2  in  the  D2  subline  were  higher  than 
those  in  the  Dl  subline  (Fig.  7A).  Data  from  Fig.  IB  indicated 
that  expression  of  DIP1/2  significantly  inhibited  the  in  vitro 
cell  growth  compared  with  the  plasmid  control.  This  inhibitory 
effect  of  both  Dl  and  D2  correlated  with  their  DIP1/2  protein 
levels  (Fig.  7A). 

To  rule  out  possible  artifacts  from  stable  transfection,  we 
examined  the  growth  suppression  of  DIP1/2  in  C4-2  cells  using 
transient  transfection  (16).  As  shown  in  Fig.  7C,  the  elevated 
DIP1/2  expression,  determined  by  Western  blot,  inhibited  the 
colony  formation  of  C4-2  cells  in  a  time-dependent  manner. 
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EGF  -  +  -  +  -  + 


Vector:  Ras  +  +  +  +  +  + 

DiP1/2m 

DIP1/2  ----+  + 

a  Ras 

1.0  2.3  1.0  2.3  0.5  0.5 


IB:  aDIP1/2 


IB:  aRas 
IB:  ctGST 


Fig.  5.  In  vitro  and  in  vivo  Ras  GAP  activity  assays.  A,  kinetics 
of  Ras  GAP  activity  of  DIP1/2  protein.  One  microgram  of  purified  GST 
protein  and  different  amounts  of  GST-DIP1/2  were  incubated  with 


[y-32P]GTP-bound  Ha-Ras.  At  the  indicated  time,  retention  of  the  un¬ 
hydrolyzed  [y-32P]GTP  was  measured  by  a  filter  assay.  GST,  1  pg  ( d ); 
GST-DIP1/2,  0.2  pg  (h),  0.4  pg  (6),  and  1.0  pg  (/).  Data  represent  the 
mean  ±  S.D.  from  three  determinants.  B,  comparison  of  the  in  viti'o 
GAP  assay  between  DIP1/2  and  pl20GAP.  [y-32P]GTP-bound  Ha-Ras 
was  incubated  separately  with  1  pg  of  purified  GST,  GST-DIPl/2m, 
GST-DIP1/2,  and  GST-pl20GAP  protein  at  25  °C  for  10  min.  The  unhy¬ 
drolyzed  [y-32P]GTP  was  assayed  by  a  filter  assay.  Data  represent  the 
mean  ±  S.D.  from  three  determinants.  C,  determination  of  the  speci¬ 
ficity  of  DIP1/2  to  other  G-proteins.  [y-32P]GTP-bound  K-Ras,  R-Ras, 
TC21,  and  RaplA  (36)  were  incubated  separately  with  1  pg  of  purified 
GST  (1),  GST-DIP1/2  (2),  GST-DIPl/2m  (3),  and  GST-pl20GAP  (4)  at 
25  °C  for  10  min.  The  unhydrolyzed  [y-32P]GTP  was  assayed  by  a  filter 
assay.  Data  represent  the  mean  ±  S.D.  from  three  determinants.  D , 
inhibition  of  Ras  and  Raf  binding  by  DIP1/2.  C4-2  cells  transfected  with 
both  HA-tagged  Ras  and  DIP1/2  vectors  were  treated  with  EGF  (100 
ng/ml)  for  30  min.  After  incubating,  cell  supernatants  were  precipitated 
with  GST-Raf- agarose  beads,  and  the  precipitates  were  subjected  to 
immunoblotting.  The  levels  of  protein  expression  from  each  transfection 
were  determined  by  Western  analysis.  Results  were  measured  by  den- 
sitometric  scanning.  IP,  immunoprecipitation;  IB,  immunoblotting. 
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Fig.  6.  Interaction  of  DIP1/2  and  DOC-2/DAB2  on  SHE  reporter 
gene  activity.  A,  C4-2  cells  were  co-transfected  with  SRE  reporter 
gene  (0.1  fig ),  j8-galactosidase  ( fi-gal ,  0.1  fig),  DIP1/2  (0-0.6  fig),  and 
PCI-neo  (0.8-0. 2  fig)  vectors  and  then  treated  with  EGF  (100  ng/ml)  for 
14  h.  B,  C4-2  cells  were  co-transfected  with  either  AB  (0.4  fig)  or  DIP1/2 
(0.4  fig)  in  combination  with  SRE  reporter  gene  and  j3-galactosidase 
vectors  and  treated  with  TPA  (100  ng/ml)  for  14  h.  Cell  lysates  were 
determined  by  both  luciferase  and  /3-galactosidase  activity  assays.  Re¬ 
porter  gene  activity  from  each  sample  was  normalized  with  j3-galacto- 
sidase  activity.  Data  represent  means  ±  S.D.  from  three  independent 
experiments.  C,  effect  of  TPA  on  interaction  of  DIP1/2  and  DOC-2/ 
DAB2.  C4-2  cells  were  cotransfected  with  DIP1/2  in  combination  with 
either  AB  (0.4  fig)  or  AB-S24A  (0.4  fig).  Twenty-four  hours  after  trans¬ 
fection,  cells  were  treated  with  T-medium  containing  0.1%  FBS,  and 
then  24  h  later,  cells  were  incubated  with  TPA  (100  ng/ml)  for  40  min. 
After  incubation,  cells  were  washed  with  PBS  and  lysed.  Immunopre- 
cipitation  and  Western  blot  were  performed  as  described  in  the  legend 
to  Fig.  4.  Results  were  measured  by  densitometrical  scanning. 


Conversely,  increased  DIPl/2m  expression  did  not  effect  colony 
formation  of  C4-2.  These  data  indicate  that  DIPl/2’s  GAP  ac¬ 
tivity  modulates  its  growth-inhibitory  effect.  DIP 1/2  alone  ap¬ 
pears  to  be  a  potent  growth  inhibitor  for  prostate  cancer. 

We  also  examined  whether  the  growth  suppression  effect  of 


Table  I 

Effect  ofDIPl/2  and  A B  on  TPA-induced  gene  activation  in 
prostate  cancer 


Relative  luciferase  activity" 

Experiment  I 

Experiment  II 

- fold 

PCI-neo 

33.0  ±  0.2  (100%) 

38.3  ±  0.7  (100%) 

AB 

13.7  ±  1.9  (42%) 

37.0  ±  0.9  (97%) 

AB-S24A 

33.1  ±  0.3  (100%) 

37.1  ±  1.9  (97%) 

DIP  1/2 

12.4  ±  1.2  (38%) 

23.8  ±  1.7  (62%) 

AB  +  DIP1/2 

6.3  ±  0.2  (20%) 

7.3  ±  0.5  (19%) 

AB-S24A  4-  DIP 1/2 

11.4  ±  2.1  (35%) 

24.4  ±  1.1  (64%) 

“  The  relative  luciferase  gene  activity  is  expressed  as  -fold  induction 
compared  with  ethanol  control.  Both  experiments  I  and  II  are  typical 
representations  from  several  experiments.  In  experiment  I,  0.4  fig  of 
each  cDNA  was  used.  In  experiment  II,  AB  or  AB-S24A  (0.1  fig)  and 
DIP1/2  (0.2  fig)  were  used.  The  results  were  calculated  as  mean  ±  S.D. 
in  triplicate. 


C4-2  cells  can  be  enhanced  in  the  presence  of  both  DIP1/2  and 
DOC-2/DAB2.  In  this  experiment,  we  used  half  of  the  amount 
of  DIP  1/2  cDNA  from  the  previous  experiment  (Fig.  7 C)  and 
only  the  N-terminal  domain  of  DOC-2/DAB2  ( i.e .  AB),  since  we 
found  some  additional  inhibitory  activity  associated  with  the  C 
terminus  (10).  As  shown  in  Fig.  ID,  0.1  fig  of  AB  alone  did  not 
exhibit  any  growth-inhibitory  effect,  and  DIP  1/2  alone  had  a 
growth-inhibitory  effect.  However,  we  observed  a  synergistic 
effect  of  growth  suppression  of  C4-2  cells  transfected  with  both 
DIP1/2  and  AB  cDNAs  compared  with  C4-2  cells  transfected 
with  either  DIP1/2  or  AB  alone  (Fig.  ID).  In  contrast,  C4-2  cells 
transfected  with  both  DIPl/2m  and  AB  did  not  exhibit  en¬ 
hanced  growth  suppression.  These  data  indicated  that  the  in¬ 
teraction  between  DIP1/2  and  DOC-2/DAB2  is  critical  for  the 
growth-inhibitory  effect  of  DIP1/2  in  prostate  cancer  cells. 

DISCUSSION 

The  DIP1/2  expression  profile  in  different  organs  appears  to 
be  diverse.  Northern  analysis  (Fig.  2A)  indicates  a  high  level  of 
DIP  1/2  mRNA  expression  in  brain,  thymus,  and  bladder  tissue 
and  a  low  level  in  skeleton  muscles,  kidney,  and  liver  tissue. 
But  no  expression  can  be  detected  in  several  urogenital  organs, 
including  the  ventral  prostate,  dorsolateral  prostate,  seminal 
vesicle,  and  coagulating  gland.  This  unique  pattern  of  tissue 
distribution  implies  that  DIP1/2  may  have  a  specific  physiolog¬ 
ical  function  in  each  organ.  For  example,  DIP1/2  expression  is 
detected  in  the  enriched  basal  cell  population  of  degenerated 
prostate  and  in  prostatic  epithelial  cell  lines  (such  as  NbE  and 
VPE)  derived  from  the  basal  cell  population  (Fig.  2A),  suggest¬ 
ing  that  DIP1/2  may  be  involved  in  prostate  regeneration.  This 
hypothesis  can  be  supported  by  our  results:  1)  decrease  or 
absence  of  either  DIP1/2  or  DOC-2/DAB2  is  often  detected  in 
several  metastatic  human  prostate  cancer  cell  lines  (Fig.  3C), 
and  2)  DIP1/2  appears  to  be  a  potent  growth  inhibitor  for 
human  prostate  cancer  cells  (Fig.  7).  It  is  known  that  increased 
Ras  activity  is  associated  with  high  grade  metastatic  prostate 
cancer;  however,  RAS  mutation  is  rarely  detected  (33,  34).  Our 
results  suggest  an  underlying  mechanism  with  which  to  ac¬ 
count  for  this  phenomenon.  In  addition  to  DIP1/2,  we  found 
that  altered  expression  of  pl20GAP  is  associated  with  prostate 
cancer  cells  (data  not  shown).  Thus,  our  results  indicate  that 
altered  Ras  GAP  expression  plays  a  critical  role  in  the  progres¬ 
sion  of  prostate  cancer. 

The  phosphorylation  of  Ser24  in  DOC-2/DAB2,  which  is  in¬ 
volved  in  inhibiting  TPA-induced  AP-1  activity  (11),  provides 
evidence  for  the  underlying  functional  mechanism  of  DOC-2/ 
DAB 2.  In  this  study,  our  data  indicate  that  DIP  1/2  is  an  im¬ 
mediate  downstream  effector  for  DOC-2/DAB2  in  both  prostate 
and  brain  tissues  (Fig.  3D),  and  the  binding  of  DIP1/2  to  DOC- 
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Fig.  7.  Growth-inhibitory  effect  of  DIP1/2  on  prostate  cancer  cells.  Cells  were  transfected  with  either  pCI-neo  or  DIP1/2  expression  vector. 
After  G418  selecting,  two  independent  clones  were  isolated  and  characterized.  A,  increased  protein  expression  was  detected  by  DIP1/2  antibody. 
B,  the  in  vitro  growth  rate  for  each  clone  was  determined  by  crystal  violet  assay.  C,  the  colony  formation  of  cells  transfected  with  DIP1/2  cDNA. 
D,  the  colony  formation  of  cells  transfected  with  DIP1/2  cDNA  and/or  DOC-2/DAB2  cDNA.  Data  represent  the  mean  ±  S.D.  from  six  determinants. 
*,  significantly  different  from  plasmid  control  ( p  <  0.01). 
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Fig.  8.  The  mechanism  of  action  of  DOC-2/DAB2  and  DIP1/2 
complex  in  signal  transduction  pathway.  DOC-2/DAB2  and  DIP  1/2 

complex  represent  a  negative  feedback  machinery  for  several  exogenous 
stimuli-elicited  signal  cascade.  PKC  can  phosphorylate  the  N-terminal 
domain  of  DOC-2/DAB2  (serine  24)  that  recruits  DIP1/2  to  inactivate 
Ras  protein.  On  the  other  hand,  shortly  after  the  treatment  of  peptide 
growth  factors,  the  C  terminus  of  DOC-2/DAB2  (proline-rich  domain) 
competes  with  SOS  for  Grb  2  binding,  which  leads  to  the  inactivation  of 
the  MAP  pathway. 

2/DAB2  can  be  enhanced  when  the  Ser24  residue  in  DOC-2/ 
DAB2  is  phosphorylated  (Fig.  6 C).  The  most  conserved  region 
in  DIP  1/2  protein  is  the  GAP  domain,  which  has  a  high  amino 
acid  sequence  homology  (40—90%)  compared  with  the  GAP 
domains  of  other  Ras  GAPs,  and  DIPl/2’s  GAP  domain  con¬ 
tains  all  31  consensus  amino  acids  of  other  Ras  GAPs.  These 
consensus  amino  acid  residues  in  the  Ras  GAP  domain  modu¬ 
late  Ras  GTPase  activity  (13).  For  example,  Arg789  of  pl20GAP 
participates  in  catalysis  and  simultaneously  stabilizes  Gin61  of 
Ras  for  optimal  GTP  hydrolysis  (35).  Our  data  (Fig.  5)  indicate 
that  DIP1/2  has  Ras  GAP  activity  in  vitro  and  in  vivo .  Since 
Arg220  of  DIP1/2  is  equivalent  to  Arg789  of  pl20GAP,  once  Arg220 
was  altered  (R220L),  the  single  amino  acid  mutant  of  DIP1/2 
lost  its  Ras  GAP  activity  in  vitro  and  in  vivo  (Fig.  5,  B  and  D). 
Similar  to  the  GAP  activity  of  pl20GAP  (36),  DIP1/2  can  stim¬ 
ulate  the  GTPase  activity  of  several  small  G-protein  of  Ras 
family  (Fig.  5C).  In  majority  of  PCa  cell  lines  used  in  this  study, 
we  were  able  to  detect  the  presence  of  R-Ras,  K-Ras  and  Ha- 
Ras  (data  not  shown).  Therefore,  we  believe  that  loss  of  GAP 
protein  in  prostate  cells  may  be  an  underlying  mechanism 
leading  to  constitutive  activation  of  Ras  in  these  cells. 

We  demonstrate  that  co-expression  of  DIP1/2  and  the  N- 
terminal  domain  of  DOC-2/DAB2  (i.e.  AB)  has  an  additive  effect 
on  suppressing  either  TPA-induced  SRE  or  TRE  reporter  gene 
activity  (Fig.  6B  and  Table  I).  Therefore,  we  believe  that  the  in 
vivo  interaction  of  DIP1/2  with  the  N-terminal  domain  of  DOC- 
2/DAB2  acts  as  a  feedback  mechanism  to  modulate  PKC-in- 
duced  gene  activation.  It  is  known  that  the  modulation  of  the 
Raf/MEK/ERK  axis  is  also  controlled  by  growth  factors  through 
their  protein  receptor  tyrosine  kinase,  although  our  data  indi¬ 
cate  that  DIP1/2  alone  is  also  able  to  inhibit  EGF-induced  SRE 
reporter  gene  activity  (Fig.  6A)  and  cell  growth.  However,  the 
interaction  between  DIP1/2  and  DOC-2/DAB2  certainly  ampli¬ 
fies  their  individual  inhibitory  effect  (Figs.  6C  and  ID  and 


Table  I).  Therefore,  this  protein  complex  containing  both  DOC- 
2/DAB2  and  DIP1/2  represents  a  unique  negative  regulatory 
machinery  to  balance  signals  elicited  by  growth  factors  (such  as 
EGF)  or  PKC  activators  (such  as  TPA). 

In  addition  to  the  N-terminal  domain  of  Ras  GAP  homology 
domain  of  DIP1/2,  the  proline-rich  repeats  and  leucine  zipper 
domains  from  its  C  terminus  may  contribute  to  DIP  1/2  activity. 
Our  preliminary  data  indicate  that  the  proline-rich  repeats 
(residues  727-736)  in  DIP1/2  interact  with  Grb2  (data  not 
shown).  Because  Grb2  binds  to  SOS,  a  guanine  nucleotide 
exchange  factor  critical  for  downstream  signaling,  the  binding 
of  DIP  1/2  to  Grb2  may  interrupt  Ras  activation.  It  is  also 
possible  that  DIP1/2  can  interact  with  other  proteins  contain¬ 
ing  the  Src  homology  3  domain.  On  the  other  hand,  the  leucine 
zipper  domain  (residues  842-861)  of  DIP1/2  may  form  a  ho¬ 
modimer  or  a  heterodimer  with  other  proteins.  Although  no 
direct  evidence  has  been  shown  for  DIP1/2  dimerization,  we 
observed  a  self-dimerization  of  DIP1/2  using  the  yeast  two- 
hybrid  experiment,  which  suggests  that  the  dimerization  of 
DIP1/2  may  affect  its  activity.  More  detailed  studies  are  under 
way  to  examine  this  hypothesis. 

In  summary,  both  DIP1/2  and  DOC-2/DAB2  form  a  unique 
protein  complex  (Fig.  8)  with  a  negative  regulatory  activity  that 
modulates  the  Ras-mediated  signaling  pathway.  This  complex 
is  operative  in  basal  cells  of  the  prostate  and  may  orchestrate 
the  differentiation  and  proliferation  potential  of  these  cells 
during  prostate  regeneration.  In  contrast,  altered  expression  of 
any  component  of  this  complex  may  result  in  abnormal  growth 
and/or  the  acquired  malignant  phenotypes  of  prostate  cancer 
and  perhaps  other  types  of  cancer  such  as  ovarian  and  breast 
cancer.  Further  dissection  and  functional  examination  of  each 
component  in  this  complex  is  warranted. 
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Human  DAB2IP  (for  DAB2  interaction  protein)  is  a  novel  member  of  the  RasGTPase-acti- 
vating  protein  family.  It  interacts  directly  with  DAB2,  which  suppresses  growth  of  many  can¬ 
cer  types.  We  demonstrated  that  DAB2IP  is  often  downregulated  in  human  prostate  cancer 
cell  lines.  The  predicted  DAB2IP  protein  (967  amino  acids)  shares  94.2%  homology  with  the 
rat  DIP1/2  protein.  We  mapped  the  promoter  of  DAB2IP  and  studied  its  regulation  in  normal 
and  malignant  prostate  cancer  cells.  This  gene  is  located  at  9q33.1-q33.3  and  spans  approxi¬ 
mately  96  kb  with  15  exons  and  14  introns.  The  DAB2IP  promoter  does  not  contain  any  typ¬ 
ical  TATA  box— evidenced  by  the  presence  of  various  RNAs  with  differential  transcription 
starting  sites.  We  further  demonstrated  that  normal  prostatic  epithelial  cells  have  elevated 
DAB2IP  mRNA  compared  with  cancer  cells,  which  correlates  with  increased  DAB2IP  pro¬ 
moter  activity.  These  data  indicate  that  transcriptional  regulation  of  DAB2IP  is  responsible 
for  the  downregulation  of  DAB2IP  expression  in  prostate  cancer  cells. 

Key  Words:  DAB2IP  gene,  prostate  cancer,  gene  promoter, 

BAC  clone,  gene  regulation 


Introduction 


We  identified  rat  DIP1/2  (for  DAB2  interaction  protein)  as  a 
novel  RasGTPase-activating  protein  using  a  yeast  two-hybrid 
system  (Z.W.  et  al,  J.  Biol  Chem.,  in  press).  DIP1/2  interacts 
directly  with  the  amino  terminus  of  DAB2  (for  disabled-2; 
also  known  as  differentially  expressed  in  ovarian  carcinoma- 
2,  DOC-2).  DAB2  seems  to  be  a  tumor  suppressor  in  several 
cancer  types  [1-4],  whereas  DIP1/2  acts  as  a  downstream 
effector  involved  in  the  DAB2-elicited  signal  pathway. 
Together  this  complex  blocks  exogenous,  stimuli-induced 
gene  expression  and  results  in  the  growth  suppression  of 
prostate  cancer  (Z.W.  et  al,  J.  Biol  Chem.,  in  press)  [5]. 

DIP1/2  (996  amino  acids)  has  a  molecular  mass  of  110  kD 
containing  several  potential  function  domains:  a  RasGAP 
domain  in  the  N  terminus;  proline  repeats;  and  a  leucine  zip¬ 
per  domain  in  the  carboxy  terminus.  Increased  DIP1/2 
expression  in  the  rat  prostate  is  found  in  the  enriched  basal 
cell  population  after  castration-induced  degeneration  (Z.W.  et 
al,  J.  Biol  Chem.,  in  press),  which  suggests  that  DIP1/2  may 
be  associated  with  the  differentiation  of  prostatic  epithelium. 
However,  the  decreased  or  absent  expression  of  human 
DAB2IP  protein,  a  rat  homolog,  is  often  detected  in  several 


prostate  cancer  cell  lines.  The  mechanism  by  which  DAB2IP 
expression  is  regulated  is  largely  unknown. 

Because  we  found  that  the  steady-state  levels  of  DAB2IP 
mRNA  were  significantly  lower  in  prostate  cancer  cell  lines 
than  in  normal  prostatic  epithelia,  we  decided  to  explore  the 
mechanism  of  DAB2IP  regulation  by  cloning  its  5 '-regulatory 
sequence  and  entire  genome  sequence.  The  human  genomic 
database  indicates  that  DAB2IP  locates  at  9q33.1-q33.3  and 
seems  to  be  a  new  gene.  In  this  study,  we  further  documented 
the  structure  of  DAB2IP  and  investigated  the  differential  pro¬ 
moter  activity  between  normal  and  malignant  prostate  can¬ 
cer  cell  lines.  This  study  provides  the  first  step  toward  under¬ 
standing  the  regulation  of  DAB2IP  in  prostatic  epithelia. 

Results 

A  High  Sequence  Homology  between  DAB2IP  and 
DIP1/2  cDNA 

To  isolate  human  DAB2IP  cDNA,  we  screened  both  PrEC  and 
PZ-HPV-7  cells,  and  detected  DAB2IP  protein  in  both  cells. 
Using  RT-PCR  we  cloned  the  full-length  DAB2IP  cDNA 
sequence,  which  shares  94.2%  homology  with  DIP1/2  (Fig. 
1A).  Analysis  of  the  DAB2IP  sequence  (EMBL/GenBank  acc. 
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FIG,  1.  The  predicted  functional  domain  of  the  DAB2IP  pro¬ 
tein.  (A)  Comparison  of  protein  sequences  between  human 
and  rat.  Potential  functional  domains  are  boxed.  Non-identi¬ 
cal  amino  acids  are  in  bold.  (B)  Schematic  display  of  DAB2IP 
protein.  C2  (amino  acids  21-110),  protein  kinase  C  conserved 
region  2  domain,  RasGAP  (Ras  GTPase-activator  protein, 
amino  acids  135-438),  PR  (proline-rich  motif,  amino  acids 
727-736),  and  LZ  (leucine  zipper  domain,  amino  acids 
842-861)  are  indicated. 


no.  AF367051)  revealed  an  open  reading  frame 
encoding  a  967-amino-acid  protein  with  a  pre¬ 
dicted  molecular  weight  of  110  kD.  Using  the 
program  "Research  for  conserved  domain" 
from  the  NCBI  web  site  (http://www.ncbi. 
nih.gov/structure/cdd/wrpsb.cgi),  we  found 
that  the  deduced  amino  acid  sequence  of 
DAB2IP  cDNA  predicted  that  DAB2IP  has  four 
domains:  C2  (protein  kinase  C  conserved 
region2  (CalB),  amino  acids  21-110);  RasGAP 
(GTPase-activator  protein  for  Ras-like  GTPase, 
amino  acids  135-438);  a  proline-rich  domain 
(amino  acids  727-736);  and  a  leucine  zipper 
domain  (amino  acids  842-861;  Fig.  IB).  These 
data  indicated  that  DAB2IP  represents  a  new 
member  of  the  RasGAP  gene  family. 
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Genomic  Organization  of  DAB2IP  ratDiPi/2 

After  three  rounds  of  screening,  two  positive  hDAB2iP 
BAC  clones  (298A17  and  419H3)  were  confirmed  ratDIPl/2 
using  Southern  blot  analysis  probed  with  a  full-  h  dab2  i  p 
length  sequence  of  DIP1/2  cDNA.  Both  BAC  ratDIPl/2 
clones  seem  to  have  the  same  hybridization  band 
(that  is,  23  kb  and  7.6  kb;  Fig.  2A).  Using  the  exon  ratDiPi/2 

lb  probe,  we  also  detected  the  similar  7.6-kb 
band  in  the  298A17  clone  (Fig.  2B).  hD*B2 i  p 

Using  the  BLASTN  program  (NCBI, 
http://www.ncbi.nlm.nih.gov/BLAST),  we  hDAB2iP 

mapped  clone  298  A17  (acc.  no.  AL365274)  to  ratDlpl/ 
chromosome  9  (172,027  bp  in  size).  However,  hDAB2i 

the  sequence  of  clone  419H3  is  still  unavail-  ratDiPi/ 
able.  To  identify  clone  419H3,  we  sequenced  it 
using  SP6  and  T7  primers.  Sequence  data  B 
showed  that  the  3'  end  of  the  clone  419H3  ^ 

sequence  aligned  with  the  middle  portion  of  li  1 I 

AL365274.  The  5'  end  sequence  aligned  with  1  (2  L -L 

AL136097  (located  at  the  5'  upstream  of 
AL365274).  These  data  indicate  that  both  clones 
overlap  and  that  the  span  of  the  entire  DAB2IP  gene  is  esti¬ 
mated  at  ~  96  kb  (Fig.  2C).  Analyzing  with  the  Locus  Link 
program  (http://www.ncbi.nlm.nih.gov/LocusLink),  we 
determined  the  chromosomal  location  of  DAB21P  to  be 
9q33.1-q33.3  (BAB21834  and  AAK50336). 
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We  deduced  the  exon-intron  junction  of  DAB2IP  by  align¬ 
ing  its  cDNA  sequence  with  clone  298A17.  Furthermore,  PCR 
amplification  and  DNA  sequencing  confirmed  all  predicted 
exon-intron  boundaries.  A  total  of  15  exons  and  14  introns  are 
shown  in  Fig.  2C  (summarized  in  Tables  1  and  2).  Most  splicing 
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FIG.  2.  Genomic  organization  of  DAB2IP .  B  AC  clones 
419  H3  and  298  A17  were  digested  with  EcoRI  and 
analyzed  by  Southern  blot  analysis  probed  with  a  full- 
length  cDNA  sequence  of  DIP1/2  (A)  or  exon  lb  of 
DAB2IP  (B).  The  5'-  and  3'-noncoding  regions  (black 
box),  the  coding  regions  (open  box),  with  indicated 
number  of  amino  acids  in  each  exon,  and  the  relative 
position  of  each  BAC  clone  are  displayed  (C). 
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junctions  coincide  with  the  GT...AG  rule.  Noticeably,  exon  1  was 
separated  from  exon  2  by  a  large  intron  (~  56  kb).  The  transla¬ 
tion  initiation  site  (ATG)  is  mapped  at  the  63  bp  from  the  5'  end 
of  exon  3,  and  the  protein  termination  site  (TAG)  is  located  at 
exon  15  and  followed  by  a  large,  untranslated  sequence. 


Determination  of  the  Transcription  Starting  Site 
of  DAB2IP 

We  identified  the  transcription  starting  site  (TSS)  of  DAB2IP 
using  5'  RACE  and  total  cellular  RNA  prepared  from  human 
brain  cells,  PrEC  cells,  and  PZ-HPV-7  cells.  We  chose  three 
DAB2IP- specific  primers  (Spl,  Sp2,  Sp3)  to  com¬ 
bine  with  outer  and  inner  adapter  primers  for 
nested  PCR  (Fig.  3A). 

We  detected  a  single  PCR  transcript  (230  bp) 
from  the  human  brain  using  both  the  Spl  and 
Sp2  primers  (Fig.  3B).  Using  the  same  primers, 
we  detected  three  bands  (250,  290,  and  600  bp) 
in  either  PrEC  or  PZ-HPV-7  cells.  DNA  sequenc¬ 
ing  data  revealed  that  the  230-,  250-  and  290-bp 
PCR  transcripts  were  derived  from  the  predicted 
exon  1  sequence  (that  is,  exon  la)  with  slightly 
different  5'  starting  sites.  In  contrast,  the  600-bp 
PCR  transcript  was  derived  from  a  new  exon 
within  intron  1.  We  named  this  exon  "exon  lb." 

Using  the  Sp2  and  Sp3  primers  (Fig.  3A),  we 
detected  two  bands  (320  bp  and  670  bp)  of  PCR 
transcripts  from  PZ-HPV-7  and  PrEC  cells.  DNA 
sequencing  data  revealed  that  the  sequence  of 
320  bp  and  670  bp  was  identical  to  the  250  bp  and 
600  bp  sequence,  respectively.  These  data  sug¬ 
gest  that  DAB2IP  mRNA  has  multiple  TSSs.  That 
variable  sizes  of  DAB2IP  mRNA  were  detected 
in  different  cells  may  be  due  to  the  lack  of  canon¬ 
ical  TATA  sequences  within  this  region.  It  is 
characteristic  that  a  gene  containing  a  TATA-less 
promoter  [6]  has  imprecise  TSS. 


TABLE  1:  Different  splicing  variants  of  human  DAB2IP 


Exon 

DAB2IP  mRNA  a 

DAB2IP  mRNA  b 

amino  acid 

(5192  bp) 

(5608  bp) 

(967  aa) 

la 

1-88  (88) 

lb 

1-504  (504) 

II 

89-242  (154) 

505-658  (154) 

III 

243-341(99) 

659-757  (99) 

1-12  (12) 

*ATG  (306-308) 

*ATG  (722-724) 

IV 

342-896  (555) 

758-1312  (555) 

13-197  (185) 

V 

897-1041(145) 

1313-1457  (145) 

198-245  (48) 

VI 

1042-1186  (145) 

1458-1602  (145) 

246-294  (49) 

VII 

1187-1423  (237) 

1603-1839  (237) 

295-373  (79) 

VIII 

1424-1625  (202) 

1840-2041  (202) 

374-440  (67) 

IX 

1626-1804  (179) 

2042-2219  (179) 

441-500  (60) 

X 

1805-2694  (889) 

2220-3119  (889) 

501-796  (296) 

XI 

2695-2846  (153) 

3120-3262  (153) 

797-845  (51) 

XII 

2847-3040  (194) 

3263-3456  (194) 

846-912  (65) 

XIII 

3041-3128  (88) 

3457-3544  (88) 

913-941  (29) 

XIV 

3129-3199  (71) 

3545-3615  (71) 

942-965  (24) 

XV 

3200-5192  (1993) 

3616-5608  (1993) 

966-967  (2) 

*TAG  (3206-3208) 

*TAG  (3623-3625) 
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TABLE  2:  Exon  boundaries  of  DAB2IP 


Exon 

Size 

3'  intron/5'  exon 

3'  exon/ 5'  intron 

Intron 

Size 

(bp) 

boundary 

boundary 

(kb) 

la 

88 

TGAGAG/  gtgagccg 

la 

1.4 

lb 

504 

GCTTGT  /  gtacgtaccc 

lb 

56 

II 

154 

caccccag/ GTCCCA 

TTCGAG/ gtgggtccc 

2 

1.7 

III 

99 

ccccacag/GTGACG 

A  AC  A  AG  /  gta  a  gcc  tgc 

3 

0.9 

IV 

555 

cacatacag/GACAA 

GTGAAG/ gtgcgtgcag 

4 

3.3 

V 

145 

cctccccag/GACTTC 

CCCTAG/  gtagggagtg 

5 

0.1 

VI 

145 

tgtccatag/ GTG  AGT 

CTACTG/ gtcagtggcgg 

6 

2.6 

VII 

237 

ctcacacag/TGCTTC 

TGCCAA/ gtgagtgcct 

7 

1.7 

VIII 

202 

tctctccag/  ATTTGG 

GAGCAG/gtgcctgttg 

8 

1.9 

IX 

179 

cctttacag/  AGCATA 

TTCCGG/ gtaagagctg 

9 

1.9 

X 

889 

tccctgcag/  TCTG  AT 

A  AGC  AG/  gtcagtgctg 

10 

0.8 

XI 

153 

gtaacaag/  GGCCCT 

GAAAG/  gtaaaactgg 

11 

1.8 

XII 

194 

cctggtag/GACCTG 

CAGCAG/ gtggggccca 

12 

5.0 

XIII 

88 

tggctacag/GTTGAT 

GCCCAG/ gtgggggctc 

13 

0.8 

XIV 

71 

gtccacag/  GAG  A  AG 

AGGGAG/  gaagctaccc 

14 

1.0 

XV 

1993 

cttttcacag/  CTGCAT 

On  the  other  hand,  we  used  an  RNase  protec¬ 
tion  assay  to  confirm  the  results  obtained  from  5 
RACE.  We  noticed  low  abundance  of  DAB2IP 
mRNA  in  prostate  tissue  because  at  least  100  pg 
total  cellular  RNA  was  needed  for  signal  detection. 

Using  an  exon  la  (300  bp)  antisense  probe,  we  only 
observed  that  the  presence  of  a  251-bp  band  corre¬ 
sponds  to  the  250-bp  PCR  transcript  using  the  Spl 
and  Sp2  primer  set  (Figs.  3B  and  3C).  These  data 
confirm  that  the  -14  site  from  the  predicted  TSS 
(Fig.  4)  seems  to  be  the  major  TSS  in  DAB2IP. 

Analysis  of  the  5' -Upstream  Sequence  of 
DAB2IP 

To  analyze  the  promoter  region  of  DAB2IP,  a  7.6- 
kb  EcoRI  fragment  (Fig.  2A)  from  clone  298A17  was 
isolated  and  subcloned  into  pBluescriptSK  (-)  vec¬ 
tor.  This  7.6-kb  fragment  contained  the  5'-upstream 
region  of  DAB2IP  (5.5  kb),  exon  la,  exon  lb,  and 
partial  intron  1.  Results  of  DNA  sequencing  indi¬ 
cated  that  the  5'-upstream  region  from  exon  la  is 
rich  in  CpG,  which  is  indicative  of  the  5 '-regulatory 
sequence  in  DAB2IP.  A  1.6-kb  fragment  from  posi¬ 
tion  -598  to  +981  (predicted  transcription  initial 
site  as  +1  analyzed  by  MacVector)  was  analyzed  to  predict  the 
putative  promoter  (Fig.  4).  Two  promoters  were  predicted 
using  the  TSSW  program  (human  Pol  II  recognition  using  the 
TRANSFAC  database;  http://genomic.sanger.ac.uk/ 
gf/gf.html):  one  at  -249,  the  other  at  +177.  Furthermore,  using 
both  the  Core  Promoter  program  and  TSS  Human  Core-pro¬ 
moter  Finder  for  predicting  core  promoter  position,  neither 
the  TATA  box  nor  the  CAAT  box  was  found  in  the  1.6-kb 
region  of  DAB2IP.  This  suggests  that  DAB2IP  is  a  typical  gene 
containing  a  TATA-less  promoter  [6,7]. 


Differential  Promoter  Activity  of  DAB2IP  between 
Normal  Prostate  and  Prostate  Cancer  Cells 

We  used  semi-quantitative  RT-PCR  to  analyze  the  steady- 
state  levels  of  DAB2IP  mRNA  in  cell  lines  derived  from  either 
three  normal  epithelia  (immortalized  or  primary  culture)  or 
six  cancer  cell  lines.  We  observed  significant  difference  in  the 
DAB2IP  mRNA  levels  among  these  cells  (Fig.  5).  In  general, 
higher  levels  of  DAB2IP  mRNA  were  detected  in  normal 
epithelia  (such  as  PrEC,  SWNPC2,  and  PZ-HPV-7)  than  in 
cancer  cell  lines  tested.  We  also  detected  the  DAB2IP  tran¬ 
scripts  in  human  brain  tissue. 
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FIG.  3.  Determination  of  the 
TSS  in  DAB21P.  (A)  Schematic 
representation  of  relative 
position  of  each  primer  used 
in  the  5'-RACE  procedure. 
(B)  Multiple  starting  sites  of 
DAB2IP  mRNA  detected  in 
human  brain,  PZ-HPV-7,  and 

251  b  i  us‘n8  5'-RACE.  M,  1  kb 

1  plus  marker.  (C)  Detection  of 
the  major  TSS  in  DAB2IP 
using  RNase  protection  assay. 
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-609  Kpnl  CTF-NF1 

CTCATCGGTACCACCGAGGGCTCGAGAGCAGCGACCTCCCAGCCGAGGAAGGCGCTTTGTCAATCCCCGACCGGGTGCGGGGGCGTGGATTCCTCCAGGT 

E4TF1  P' 

GGGTGTGGGGGGTGTGACCTCGCACGGGGAGGACAAGCTCGGACGCGGCAGGGAGGTGAGCGGGGCGGCCGGCCCTGGCGGTCCCCGGGGCTCTCCGCCC 

Sma\ 

CTCCGCAGCCCCGCCCCCTCGTCCCGGTACTCCCCCTCGCCCCGGCGCCCGGGGGGCTCGGGCAGCCTCGGCCGCGGTCGGCGCGGCTCGGCTCGGCGTC 
Spl  Spl  Spl 

GCCAAGGCAACAGCGGCTTAGGGGGCGGGGGCGACGTGGCGGGCGGGGTGGGCTGGGCCGCGCTGCGCGCGGGCCGTCGGCGCTCGGTCGGCGGGCGGGC 

Notl 

GGCGCGGGCCGCGAGCTGCTGGGGCCGAGCCCGAGCCCGGCCCGCCCTCGGCCGCGCGGCCGCCCAGCAAGGGTGCGGGTCCCGCGCGGGTCCCGGCCCG 

1  ^  experimental  1  ^xPer'menta^ 

CCGCCGCCGCGCTAACCCCGCCTCCCCTTCCCCCTCTTGTCCCCCCGTGCGCAGGGCTTCCTCAGCCGCCGCCTCAAGGGCTCCATCAAGCGCACCAAGA 

r>  TSS  (Predicted(+1))  Kpn2l  L_^.  experimental 
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experimental  I .w.  AP2  Bsu  361  AF2 
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CCAGGGAGCAGGCTTCAGCTCGCAAGGGCAAGCCATCCTGTCCTCCAGGGGGCACTGGGCGGACACAGCCTCTCAGGGCCCAGGTCCTCCTCGAGTGGTG  +991 

+1053 

CCAGCCACAGGCACCTTTCCACTTAGGCACAGGCATGGTGATGGATTCCAGTGCCAGTTAGA 


FIG.  4.  5'-Upstream  regulatory  sequence  of  DAB2IP.  TSS  as  +1  predicted  MacVector  is  displayed.  Four  experimental  TSSs  were  determined  by  S'-RACE  at  nt 
-52,  -15,  -12,  and  +13  relative  to  the  TSS  of  DAB2IP.  Putative  cis-acting  elements  and  restriction  enzyme  sites  are  also  highlighted. 


To  unveil  the  mechanism  responsible  for  the  decreased 
expression  of  DAB2IP  in  various  prostate  cancer  cells,  we 
analyzed  the  promoter  activity  of  DAB2IP  using  a  luciferase 
reporter  gene  construct  (pGL3).  We  constructed  a  variety  of 
vectors  based  on  the  location  of  two  putative  promoters  of 
DAB2IP  (Fig.  6A).  Using  pGL3-1.6S  (-598  and  +981),  we 
detected  higher  luciferase  activity  in  the  PZ-HPV-7  cell  line 
than  in  the  LNCaP,  Du  145,  PC-3,  or  TSU-Prl  lines  (Fig.  6B), 
and  the  relative  luciferase  activity  in  each  cell  line  correlated 
with  its  own  mRNA  levels  (Fig.  5).  We  detected  highest  pro¬ 
moter  activity  overall  in  PZ-HPV-7  cells;  LNCaP  and  Du  145 
had  an  intermediate  level,  and  PC-3  and  TSU-Prl  had  the 
lowest  level.  Furthermore,  pGL3.1-1.6A  did  not  show  any 
luciferase  activity  in  these  cells  (Fig.  6B).  These  data  indi¬ 
cated  that  this  1.6-kb  fragment  contained  the  promoter  of 
DAB2IP.  Therefore,  the  differential  expression  of  DAB2IP 
mRNA  in  prostate  cancer  cells  may  be  due  to  transcriptional 
regulation. 

To  further  map  the  location  of  the  promoter  of  DAB2IP, 
we  tested  a  series  of  deletion  constructs  of  the  DAB2IP  pro¬ 
moter  in  the  three  prostate  cell  lines  (PZ-HPV-7,  LNCaP,  and 
PC-3)  with  different  DAB2IP  mRNA  levels.  We  observed  two 
regions  (PI,  +  229  to  +981,  and  P2,  -359  to  -141)  within 
DAB2IP  that  possess  promoter  activities  in  PZ-HPV-7  cells 
(Fig.  6C).  In  general,  the  PI  promoter  is  active  in  PZ-HPV-7 
cells,  which  seems  to  be  a  basal  level  promoter  for  DAB2IP . 
Nevertheless,  the  PI  is  not  active  in  prostate  cancer  cells, 
including  LNCaP  and  PC-3  cells  (Fig.  6C).  On  the  other  hand. 


we  noticed  the  presence  of  a  putative  cis- acting  element 
between  +44  and  +229  that  may  suppress  the  promoter  activ¬ 
ity  of  the  P2  site. 

In  LNCaP  cells,  the  overall  activity  of  DAB2IP  promoter 
is  lower  than  that  in  PZ-HPV-7  cells  (Fig.  6C),  suggesting  that 
the  PI  is  not  very  active  in  this  cell  line.  However,  the  activ¬ 
ity  of  P2  promoter  in  LNCaP  cells  could  be  active,  as  observed 
in  PZ-HPV-7  cells,  when  the  region  between  +44  and  +229 
was  removed.  These  data  suggest  that  the  downregulation  of 
DAB2IP  in  LNCaP  cells  may  be  due  to  the  transcription  inac¬ 
tivation. 

Nevertheless,  all  the  reporter  gene  constructs  in  PC-3  cells 
exhibited  very  low  activity  compared  with  either  PZ-HPV-7 
or  LNCaP  cells  (Fig.  6C).  We  demonstrated  that  the  P2  pro¬ 
moter  became  active  in  both  PZ-HPV-7  and  LNCaP  cells 
when  the  region  between  +44  and  +229  was  removed  (Fig. 
6C).  However,  in  PC-3  cells,  the  P2  activity  was  still  not  active. 
These  data  suggest  that  certain  trans- acting  factors  responsi¬ 
ble  for  DAB2IP  expression  may  be  absent  from  PC-3  cells. 

Discussion 

The  structure  and  size  of  the  DAB2IP  (or  DIP1/2)  cDNA  is 
remarkably  conserved  between  rat  and  human,  with  94.2% 
sequence  homology.  According  to  its  sequence  alignment, 
DAB2IP  seems  to  be  a  new  member  of  the  RasGAP  family.  The 
alignment  of  the  RasGAP  domain  of  DAB2IP  (or  DIP1/2)  with 
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4 - hDAB2IP 

◄ -  (JAPDH 


FIG.  5.  Semi-quantitative  RT-PCR  analysis  of  DAB2IP  mRNA  levels  in  different  prostate  cell  lines.  Lane  1, 1  kb  Plus  marker;  lane  2,  0.5  [JLg  DAB21P  cDNA;  lane 
3,  d2H20  (negative  control);  lane  4,  2  pg  total  cellular  RNA  from  human  brain;  lanes  5-8,  2  pg  total  cellular  RNA  from  each  prostate  cell  line.  Relative  expres¬ 
sion  levels  were  determined  by  Bio  Image  Intelligent  Quantifier  software  and  calculated  the  ratio  between  DAB2IP  and  GAPDH . 


other  RasGAPs,  such  as  GAP120,  Homo  sapiens  neurofibrin 
(NF1)  [8,9],  synaptic  Ras  GAP  (SynGAP)  [10],  Rattus  norvegicus 
RasGAP  (GAP)  [11],  and  a  novel  human  RasGAP  (nGAP)  [12], 
shows  a  high  degree  of  amino  acid  homology  (40%  ~  90%).  All 
GAPs  contain  a  common  structural  region  called  the  GAP 
related  domain  (GRD).  The  GRD  is  the  catalytic  unit  of  this  pro¬ 
tein,  which  stimulates  the  GTPase  activity  of  Ras  protein.  We 
demonstrated  that  DIP1/ 2  exhibited  the  RasGAP  activity  in  vivo 
and  in  vitro  (Z.W.  et  al., },  Biol  Chem.,  in  press). 

We  also  showed  that  DAB2IP  levels  were  present  in  immor¬ 
talized  normal  prostatic  epithelial  cells  but  absent  from  several 
prostate  cancer  cell  lines,  and  that  increased  expression  of 
DIP1/2  can  inhibit  their  growth.  Friedman  et  al.  demonstrated 
mutations  in  the  C-terminal  SH2  region  of  RasGAP  in  a  subset 
of  basal  cell  carcinomas  [13,14].  But  these  are  presumably  active 
mutations  and  therefore  confer  a  direct  oncogenic  potential  to 
RasGAP.  Other  researchers  have  documented  an  inverse  cor¬ 
relation  between  RasGAP  gene  expression  and  the  inva¬ 
sive/malignant  potential  in  human  tumors  [15,16].  Thus, 
DAB2IP  likely  has  a  potential  role  in  prostate  carcinogenesis. 

In  this  study,  we  delineated  the  structure  of  DAB2IP  and 
its  regulation.  DAB2IP,  located  at  9q33.1-q33.3,  is  about  96  kb 
in  length  and  contains  15  exons  and  14  introns.  This  protein 
seems  to  express  in  the  human  brain.  Nagase  et  al  reported 
the  partial  sequence  of  this  protein  as  an  unidentified  human 
gene  by  sequencing  brain  cDNA  clones  [17].  After  searching 
the  GenBank  database,  von  Bergh  et  al  (GenBank  acc.  no. 
AY032952)  suggested  that  a  novel  RasGAP  gene  fused  to  a 
myeloid /lymphoid  leukemia  gene  in  acute  myeloid  leukemia 


with  chromosomal  translocation  [t(9;ll)(q34;  q23)].  DAB2IP 
seems  to  be  the  candidate  gene.  It  is  likely  that  the  chromo¬ 
somal  location  of  another  potential  tumor  suppressor  gene, 
TSC1  (tuberous  sclerosis)  [18],  is  proximal  to  this  DAB2IP 
locus.  Noticeably,  the  second  candidate  for  tuberous  sclero¬ 
sis  (that  is,  TSC2)  functions  as  a  GAP  [19].  Therefore,  DAB21P 
may  be  involved  in  the  process  of  many  diseases. 

We  found  no  canonical  TATA  boxes  within  the 
5' -upstream  sequence  of  DAB2IP.  Therefore,  the  actual  TSS  of 
transcription  may  be  heterogeneous,  as  evidenced  by 
5 '-RACE  results  (Fig.  3B)  obtained  from  PZ-HPV-7  and  PrEC 
cells.  Thus,  DAB21P  is  a  typical  gene  with  a  TATA-less 
promoter  [6,7].  However,  using  RNase  protection  assay  (Fig. 
3C),  we  confirmed  that  the  major  TSS  in  DAB2IP  located  at 
-14  from  the  predicted  TSS  (Fig.  4). 

To  understand  the  regulation  of  DAB2IP  in  prostatic 
epithelia,  we  studied  its  promoter  activity  (Fig.  6)  by  com¬ 
paring  PZ-HPV-7  (high  DAB2IP  expressing  cell)  with  four 
prostate  cancer  cell  lines  (PC-3,  Du  145,  LNCaP,  and 
TSU-Prl),  ranging  from  moderate  to  low  levels  of  DAB2IP 
expression.  We  observed  highest  levels  of  relative  luciferase 
activity  (RLA)  in  the  PZ-HPV-7  cell  line.  We  observed 
decreased  RLA  levels  in  both  LNCaP  and  Du  145  cell  lines 
and  lowest  RLA  levels  in  PC-3  and  TSU-Prl  cell  lines.  These 
results  correlate  with  the  steady-state  levels  of  DAB2IP 
mRNA  determined  using  semi-quantitative  RT-PCR  (Fig.  5), 
indicating  that  altered  de  novo  synthesis  of  the  DAB2IP  mRNA 
may  be  responsible  for  the  expression  of  DAB2IP  in  prostate 
cancer  cells. 
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FIG.  6.  Functional  analysis  of  DAB2IP  promoter  in  sev¬ 
eral  human  prostate  cell  lines.  (A)  A  schematic  repre¬ 
sentation  of  various  DAB2IP  promoter  constructs. 
(B)  Differential  reporter  gene  activity  of  the  DAB2IP 
promoter  in  human  prostate  cell  lines.  (C)  Mapping  the 
promoter  region  of  DAB2IP  in  human  prostate  cell 
lines.  Relative  luciferase  activities  were  calculated  by 
normalizing  with  both  (3-gal  activity  (transfection  con¬ 
trol)  and  protein  concentration  of  each  cell  line. 
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To  further  analyze  the  DAB2IP  promoter  (Fig.  6C),  we 
delineated  two  promoters  in  DAB2IP :  PI  locates  within  the 
first  intron  (+229  to  +981);  and  P2  locates  5 '-upstream  of  exon 
la  (-359  and  -141).  In  normal  prostatic  epithelia,  PI  is  active, 
but  P2  activity  may  be  modulated  by  the  adjacent  region  bind¬ 
ing  with  a  negative  trans- acting  factor.  Using  both 
Matlnspector/TRANSFAC  and  MacVector  program,  we  iden¬ 
tified  several  potential  recognition  sites  for  trans- acting  fac¬ 
tors  including  Spl,  AP-2,  AP-3,  ISRE,  CTF-NFI,  E4TF1,  and 
Mai  I  box  (Fig.  4).  Further  characterization  of  these  cis- acting 
elements  adjacent  to  the  DAB2IP  promoter  will  certainly  pro¬ 
vide  useful  information  to  understand  the  regulation  of 
DAB2IP  promoter  activity.  Nevertheless,  in  prostate  cancer 
cells,  we  found  that  the  PI  activity  of  DAB2IP  promoter  does 
not  function  in  LNCaP  or  PC-3  cells.  In  addition,  P2  activity 
is  not  active  in  PC-3  cells,  even  when  a  negative  as-acting 


element  was  deleted,  which  suggests  that  the  factor  binding 
to  P2  regions  is  also  absent  from  the  PC-3  cell  line. 

Noticeably,  the  5'-upstream  sequence  of  DAB2IP  is  also 
very  GC-rich,  and  we  identified  many  CpG  islands  using 
CpG-win.xis  software  [20].  Therefore,  it  is  possible  that  DNA 
methylation  in  the  P2  region  of  DAB2IP  may  underlie  the 
downregulation  of  this  gene  in  PC-3  cells.  Thus,  more  detailed 
analysis  is  warranted. 

Materials  and  Methods 

Tissue  culture  and  RNA  isolation.  We  maintained  three  human  prostate  can¬ 
cer  cell  lines  (LNCaP,  TSU-Prl,  and  PC-3)  in  T-medium  supplemented  with  5% 
fetal  bovine  serum.  We  maintained  two  human  prostate  cancer  cell  lines 
(MDAPCa  2a  and  MDAPCa  2b)  [21]  in  BRFF-HPC1  medium  (Biological 
Research  Faculty  and  Facility,  Inc.)  supplemented  with  20%  fetal  bovine  serum. 
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Another  human  prostate  cancer  cell  line  (Du  145)  was  maintained  in  RPMI 
medium  supplemented  with  10%  fetal  bovine  serum.  We  maintained  three 
normal  human  prostate  cell  lines  in  a  chemical-defined  medium  (PrEGM)  pur¬ 
chased  from  Clonetics  including  PrEC  (a  primary  epithelial  cell  derived  from 
a  17-year-old  juvenile  prostate  (Clonetics)),  PZ-HPV-7  (an  immortalized  cell  line 
derived  from  the  peripheral  zone  of  a  normal  prostate)  [22,23],  and  SWNPC2 
(a  primary  epithelial  cell  derived  from  a  40-year-old  prostate).  We  isolated  total 
cellular  RNA  using  the  RNAzol  B  method  (TEL-TEST,  Inc)  according  to  the 
manufacturer's  instructions.  It  was  dissolved  in  water  and  quantified  spec- 
trophotometrically  at  260  nm. 

Isolation  ofDABZIP  cDNA  by  RT-PCR  and  determination  of  relative  DAB2IP 
mRNA  levels  by  semi-quantitative  PCR.  To  isolate  the  entire  coding  region 
for  human  DAB2IP,  we  designed  four  sets  of  primers  based  on  the  full-length 
DIP1/2  cDNA  sequence:  setl,  sense:  5 '  -GCGGG  AT  A  AGTGG  ATGG  AG  A  AC- 
CTC-3',  antisense:  5 '-GG ATGGTG ATGGTTTGGTAG-3 set2,  sense:  5'- 
TGGACGATGTGCTCTATGCC-3',  antisense:  5'-GGTCCCAGTTTGGATAC- 
TATG-3';  set3,  sense:  5'-TGGCAGCAAGGAGGAATAC-3',  antisense:  5'- 
TACACAGGGTTCTGGAAGG-3';  set4,  sense:  5'-GCATAGTATC- 
CAAACTGGGAC-3',  antisense:  5'-CTGTGTTCCAGCAAGCGAGC-3'.  With 
these  primers,  we  then  performed  RT-PCR  and  RACE  using  RNA  prepared 
from  PrEC  cells.  We  analyzed  the  expected  PCR  product  by  DNA  gel  elec¬ 
trophoresis,  then  cloned  it  into  the  TA  cloning  vector  pCR  2.1-TOPO 
(Invitrogen)  and  sequenced  it. 

To  measure  DAB21P  mRNA  levels,  we  reverse  transcribed  2  pg  of  total  cel¬ 
lular  RNA  from  each  cell  line  into  first-strand  cDNA  using  Superscript  II 
reverse  transcriptase  (Life  Technologies,  Inc.).  One-tenth  of  the  cDNA  was  sub¬ 
jected  to  a  50  pi  PCR  (32  cycles  of  94°C  for  30  seconds,  50°C  for  45  seconds,  and 
72°C  for  2  minutes)  using  both  sets  of  DAB2IP  primer  (5'-TCGTGGAAG- 
GACTCATG ACC-3'  and  5'-TCCACCACCCTGTTGCTGTA-3',  2  ng/pl)  and 
GAPDH  primer  sets  (0.6  ng/  pi).  We  electrophoresed  the  final  PCR  products 
(10  pi)  in  a  2%  NuSieve  agarose  gel  (3:1,  FMC  Bioproducts)  and  analyzed  it 
using  Bio-Image  Intelligent  Quantifier  software  (Bio  Image).  The  relative  level 
of  DAB2IP  mRNA  from  each  sample  was  normalized  to  a  GAPDH  transcript 
from  the  same  reaction. 

Isolation  ofDABZIP  and  Southern  blot  analysis.  Because  of  the  high  homol¬ 
ogy  of  cDNA  sequence  between  DAB2IP  and  DIP1/2,  we  screened  the  RPCI- 
11  Human  BAC  Library  (Research  Genetics,  Inc.)  with  the  full-length  sequence 
of  D1P1/2  cDNA  probe.  Two  clones  (298 A1 7  and  419H3)  were  identified  in 
three  rounds  of  screening.  We  prepared  BAC  DNA  according  to  the  manufac¬ 
turer's  protocol  (Qiagen).  Briefly,  BAC  DNA  was  extracted  from  an  overnight 
culture  in  500  ml  LB  containing  12.5  pg/ ml  chloramphenicol.  The  bacteria  was 
harvested  and  resuspended  in  10  ml  PI  buffer  (50  mM  Tris-Cl,  pH  8.0, 10  mM 
EDTA,  100  pg/ ml  RNasc  A),  then  10  ml  P2  buffer  (200  mM  NaOH,  1%  SDS) 
was  added  for  5  minutes  at  room  temperature.  We  added  10  ml  of  P3  buffer  (3 
M  potassium  acetate,  pH  5.5)  to  the  mixture  and  placed  it  on  ice  for  5  minutes. 
After  centrifugation  (1.2,000#,  20  minutes)  at  4°C,  the  supernatant  was  applied 
to  the  Qiagen-tip-100  and  washed  twice  with  30  ml  buffer  QC.  We  eluted  DNA 
using  15  ml  preheated  (65°C)  buffer  QF,  then  precipitated  it  with  0.7  volumes 
of  isopropanol.  Then  we  washed  the  DNA  pellet  with  5  ml  of  70%  ethanol,  left 
it  to  air-dry,  and  re-dissolved  it  in  TE  buffer. 

For  Southern  analysis,  we  digested  DNA  with  EroRI,  separated  on  the 
0.8%  agarose  gel  electrophoresis,  and  then  transferred  it  onto  a  nitrocellulose 
membrane.  We  labeled  all  the  DNA  probes  with  [a-32P]dCTP  using  the  random 
prime  labeling  kit  (Pharmacia  Biotech).  We  performed  prehybridization  and 
hybridization  with  a  1  X  106  cpm/ml  probe  using  Rapid-hyd  buffer 
(Amersham)  at  65°C.  Wash  conditions  were  performed  using  2x  SSC/0.1% 
SDS  for  15  minutes  at  room  temperature  (twice),  and  0.1  X  SSC/0.1%  SDS  for 
15  minutes  at  60°C  (twice).  We  exposed  membranes  to  X-ray  film  overnight  at 
-80°C  with  an  intensifying  screen. 

Identification  ofTSS  by  both  5r-RACE  and  RNase protection  assay.  We  subjected 
total  cellular  RNA  (10  pg)  from  the  human  brain,  PZ-HPV-7,  and  PrEC  to  5'-RACE 
using  the  FirstChoice  RLM-RACE  Kit  (Ambion).  RLM-RACE  represents  a  major 
improvement  from  the  classic  RACE  technique  [24,25].  It  is  designed  to  amplify 
cDNA  only  from  full-length,  capped  mRNA.  Briefly,  we  first  treated  RNA  with 
calf  intestinal  phosphatase  to  digest  any  degraded  RNAs  or  rRNA,  tRNA,  and 
contaminating  genomic  DNA.  After  it  was  purified  with  phenol-chloroform,  we 
treated  the  remaining  intact  mRNA  with  Tobacco  Acid  Pyrophosphatase  to 
remove  the  5'-cap.  We  followed  this  with  T4  RNA  ligase  treatment  in  the  pres¬ 


ence  of  a  synthetic  RNA  adapter  (5'-GGCUUCGGCCUUAGGCUCCAGUGC- 
CUGUUCGGUCGCGGCGCUGAUGGCGAUGAAUGAACACUGCGGCAAG 
CCGCUUAUGACACUCGUUUGCUGGCUUUGAUGGGCGACCUGGAAGG 
CCGUAUCUCCGGCAGCAUUCAUUACGACAAA-3').  A  random-primed 
reverse  transcription  reaction  and  nested  PCR  were  carried  out  to  amplify  the  5' 
end  of  the  DAB21P  mRNA  transcript.  We  used  two  nested  primers  (outer  RNA 
adapter  primer,  5'-GCTGATGGCGATGAATGAACACTG-3';  and  inner  RNA 
adapter  primer,  5'-CGCGGATCCGACACTCGTTTGCTGGCTTTGAT-3')  corre¬ 
sponding  to  the  adapter  sequence.  In  addition,  three  nested  antisense  primers 
(DAB2IP  Spl,  5'-GCTTGATGACCACCTCTTCCTCC-3';  DAB2IP  Sp2,  5'- 
GTTCTCCATCCACTTATCCCGC-3';  and  DAB21P  Sp3,  5'-ATTGTC- 
CACAGGAGAAGCG-3')  were  combined  with  two  nested  primers  for  the  PCR 
reaction  (94°C  for  30  seconds,  55°C  for  30  seconds,  72°C  for  30  seconds,  35  cycles). 
We  analyzed  the  PCR  product  and  then  cloned  it  into  the  TA  cloning  vector 
pCR2.1-TOPO  (Invitrogen)  for  sequencing  identification. 

For  RNase  protection  assay,  we  prepared  an  antisense  riboprobe  from  a 
300-bp  fragment  containing  exon  la  (88  bp)  and  5 '-flanking  sequence  (212  bp) 
of  DAB2IP  using  T7  RNA  polymerase  from  MAXIscript  in  vitro  transcription 
kit  (Ambion).  An  RNase  protection  assay  was  carried  out  with  the  PRA  III 
Ribonuclease  Protection  Assay  Kit  (Ambion).  Briefly,  we  incubated  about  4  X 
103  cpm  per  transcript  plus  100  pg  total  RNA  isolated  from  PrEC  or  PZ-HPV- 
7  cells  at  42°C  overnight.  After  hybridization,  we  treated  the  mixtures  with 
ribonuclease  A/Tl  to  degrade  unhybridized  probe.  We  analyzed  the  samples 
on  a  6%  denaturing  polyacrylamide/urea  gel.  In  the  same  gel,  we  used  DNA 
fragments  derived  from  DNA  sequencing  of  the  probe  as  a  size  marker  to 
determine  the  TSS. 

Construction  of  lucif erase  reporter  plasmid  containing  the  5'  regulatory 
sequence  of  DAB2IP.  We  subcloned  a  7.6-kb  EroRI  fragment  of  the  clone 
298A17,  containing  the  predicted  first  exon  and  further  5'  upstream  sequence, 
into  the  EroRI  site  of  pBIuescript  SK  (-)  (Stratagene).  This  clone  (pBS-7.6)  was 
sequenced  and  aligned  with  the  GenBank  database  (acc.  no.  AL365274). 

To  analyze  the  5'  upstream  sequence  of  human  DAB21P,  a  scries  of 
deletion  constructs  were  subcloned  into  pGL3  basic  vector  (Promega).  The  pGL3- 
1.6S  contains  a  1.6-kb  Kpn\-Xho\  (from  -598  to  +981)  fragment  from 
pBS-7.6.  The  pGL3-1.6A  contains  the  same  insert  as  pGL3-1.6S  in  an  antisense 
orientation.  The  pGL3-1.2S  contains  a  1.2-kb  insert  (from  -598  to  +636)  from  the 
Kpn\-Nhe\  fragment  of  pGL3-1.6S  (cut  with  NheTXhol  and  re-ligate  the  vector). 
The  pGL3-0.8S  contains  a  0.8-kb  insert  (from  -598  to  +229)  from  the  Kp)>[-Sfi\  frag¬ 
ment  of  pGL3-1.6S  by  removing  the  Sfd-Xho]  fragment  from  the  vector.  The 
pGL3-0.7S  contains  a  0.7-kb  insert  (from  -598  to  +129)  from  the  Kpnl-Bsu36l  frag¬ 
ment  of  pGL3-1.6S  by  removing  the  Bsu36]-Xho\  fragment  from  the  vector.  The 
pGL3-0.6S  contains  a  0.6-kb  insert  (from  -598  to  +44)  from  the  Kpn\-Kpn2\  frag¬ 
ment  of  pGL3-1.6S  by  removing  the  KpnZTXho]  fragment  from  the  vector.  The 
pGL3-0.4S  contains  a  412-bp  insert  (from  -359  to  +44)  from  the  SwrtI-K/>/i2I  frag¬ 
ment  of  pGL3-0.6S  by  removing  the  Kpnl-Sntdl  fragment  from  the  vector.  The 
pGL3-0.2S  contains  a  208-bp  insert  (from  -359  to  -141)  from  the  Smal-Notl  frag¬ 
ment  of  pGL3-0.4S  by  removing  the  Notl-HindlU  fragment  from  the  vector. 

Determination  of  DAB21P  promoter  activity.  We  plated  cells  at  a  density  of 
1 .8  X  105  cells  per  well  in  a  6-well  plate.  After  24  hours,  we  transfected  PZ-HPV- 
7,  PC-3,  Du  145,  and  TSU-Prl  cell  lines  with  both  0.8  pg  of  reporter  vectors  and 
0.2  pg  p-galactosidase  vector  (pCHllO)  using  FuGene  6  (Roche  Molecular 
Biochemicals).  The  LNCaP  cell  line  was  transfected  with  the  same  amount  of 
DNA  with  Lipofectamine  Plus  transfection  reagent  (Life  Technologies  Inc.). 
Forty-eight  hours  after  transfection,  we  washed  the  cells  twice  with  cold  phos¬ 
phate-buffered  saline  (PBS)  and  harvested  them  in  Lysis  buffer  (Promega).  We 
determined  luciferase  and  3-galactosidase  ((3-gal)  assays  as  described  [5].  We 
determined  total  protein  concentrations  of  cell  extracts  using  Bio-Rad  Protein 
Assay  (Bio-Rad),  and  repeated  all  experiments  at  least  three  times  in  triplicate. 
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Abstract 

Prostate  cancer  (PCa)  first  manifests  as  an  androgen-dependent  disease.  Thus,  androgen-deprivation  therapy  is  a 
standard  regimen  for  patients  with  metastatic  PCa.  Despite  the  initial  success  of  androgen-deprivation  therapy,  PCa 
inevitably  progresses  from  being  androgen  dependent  (AD)  to  androgen  independent  (AI),  and  this  marks  the  poor 
prognosis  of  this  disease.  Relapse  of  AIPCa  becomes  life  threatening  and  accounts  for  the  majority  of  mortality 
of  PCa  patients.  Currently,  no  effective  therapy  is  available  for  controlling  AIPCa.  Therefore,  the  challenge  in 
providing  a  new  intervention  is  to  understand  the  fundamental  changes  that  occur  in  AIPCa.  Increasing  evidence 
indicates  that,  under  androgen-deprived  milieu,  several  signal  networks  elicited  by  peptide  growth  factors  dictate 
the  AI  phenotype  of  PCa.  This  review  covers  the  latest  studies  investigating  the  potential  involvement  of  autocrine 
growth  factors  in  cell  proliferation,  survival,  metastasis,  and  the  reciprocal  interaction  with  the  androgen  receptor 
pathway.  In  addition,  loss  of  the  negative  feedback  mechanism  of  the  signal  cascade  further  amplifies  the  effect  of 
growth  factors,  and  thus  contributes  significantly  to  the  onset  of  AIPCa.  The  understanding  of  the  signal  target(s) 
in  AIPCa  should  provide  the  new  markers  for  prognosis  and  a  new  strategy  for  prevention  and  therapy. 


Progression  of  androgen-independent 
prostate  cancer 

Clinical  observations  [1-3]  indicate  that  eunuchs  and 
prepubertal  castrates  do  not  develop  prostate  cancer 
(PCa).  This  suggests  that  all  the  steps  of  PCa  car¬ 
cinogenesis  are  prevented  by  prostatic  atrophy  asso¬ 
ciated  with  early  castration  or  androgen  deprivation. 
Animal  models,  first  developed  by  Noble  [4]  and 
Pollard  and  Luckert  [5]  in  which  chronic  adminis¬ 
tration  of  androgen  and/or  estrogen  to  certain  strains 
of  intact  male  rats  caused  PCa,  further  support  these 
observations.  Current  effective  therapeutic  modalities, 
first  developed  by  Huggins  and  Hodges  in  1941  [6], 
interrupt  the  positive  effect  of  growth  stimulation  by 
androgen.  Androgen  thus  appears  to  be  a  ‘pure’  mito¬ 
gen  for  the  growth  of  PCa  cells.  Conversely,  the 
morphogenic  effect  of  androgen  on  normal  prosta¬ 
tic  epithelium  must  be  impaired  during  the  malignant 
process. 

Despite  the  initial  responsiveness  of  PCa  toward 
androgen  ablation,  tumor  cells  invariably  relapse  to 


an  androgen-refractory  state  that  ultimately  leads  to 
mortality.  Studies  from  the  Shionogi  mouse  model  [7] 
support  the  observation  that  androgen  deprivation  leads 
to  a  90%  regression  of  tumor  mass  (mainly  androgen- 
dependent  cells).  But,  recurrent  tumors  have  a  500-fold 
increase  in  the  number  of  androgen-independent  (AI) 
cells  over  the  fraction  measured  in  the  parent  tumor. 
Using  proliferation-associated  antigens  (Ki-67,  PCNA, 
MIB  1)  as  markers,  Bonkhoff  and  Remberger  [8]  esti¬ 
mated  that  approximately  70%  of  the  proliferative 
activity  is  confined  to  basal  cells  in  both  normal  and 
hyperplastic  prostatic  epithelia. 

AIPCa  cells  thus  appear  resistant  to  a  majority  of 
chemotherapeutic  agents  that  target  rapidly  cycling 
cells.  These  data  indicate  that  the  androgen  eliciting  dif¬ 
ferentiating  pathway  is  often  impaired  in  AIPCa,  which 
may  derive  from  the  malignant  transformation  of  ‘stem 
cells’  in  the  normal  gland.  Based  on  these  findings,  we 
believe  that  an  effective  therapy  for  AIPCa  should  focus 
on  restoring  the  differentiation  pathway  that  is  opera¬ 
tive  in  normal  prostatic  epithelia,  but  is  often  impaired 
in  AIPCa  cells. 


Although  the  stem  cells  in  the  prostate  are  not  well 
characterized,  it  is  believed  that  certain  basal  cells 
may  possess  stem  cell  properties.  Shortly  after  andro¬ 
gen  deprivation,  luminal  epithelial  cells  in  the  prostate 
undergo  apoptosis;  the  remaining  epithelial  cells  are  the 
AI  basal  cell  population.  Androgen  administration  can 
restore  the  normal  acini/ductal  structure  and  function 
in  an  involuted  prostate  by  promoting  the  growth  and 
differentiation  of  the  remaining  basal  cell  population 
[8,9].  Even  after  repeated  administration  of  androgen 
to  castrated  animals,  the  prostate  always  re-grows  to  a 
previously  programed  organ  size.  This  suggests  that  a 
limited  number  of  stem  cells  from  the  basal  cell  pop¬ 
ulation  determine  the  ultimate  growth  potential  of  the 
gland  [8-11]. 

The  molecular  signal(s)  involved  in  this  process  are 
likely  important  in  maintaining  the  homeostasis  of  the 
prostate  gland.  Imbalance  in  the  homeostatic  control 
of  the  signaling  cascade  in  the  stem  cell  may  under¬ 
lie  the  malignant  phenotype  of  AIPCa  cells.  To  bet¬ 
ter  understand  the  biologic  properties  of  AIPCa  cells, 
we  will  elucidate:  (a)  the  role  of  several  key  peptide 
growth  factors  that  can  stimulate  cell  growth,  survival, 
and  metastasis,  (b)  the  intracellular  pathways  responsi¬ 
ble  for  these  processes,  and  (c)  the  cross-talk  between 
these  pathways  and  the  steroid  hormone-elicited  path¬ 
way.  In  addition,  we  will  discuss  the  potential  impact  of 
the  loss  of  the  negative  feedback  mechanism  associated 
with  these  pathways  on  recurrent  AIPCa. 

Mitogenic  signal  pathways  in  AIPCa 

Altered  production  of  growth  factors  and/or  aberrant 
expression  of  their  receptors  are  usually  associated 
with  PCa  cells.  Increasing  the  production  of  autocrine 
growth  factors  is  an  important  step  for  the  appearance 
of  AIPCa  after  androgen  deprivation.  For  example,  epi¬ 
dermal  growth  factor  (EGF)  is  a  mitogen  required  for 
normal  prostate  epithelial  cells  in  both  human  and  rat 
[12,13],  and  it  is  present,  in  a  large  amount,  in  human 
prostatic  fluid  [14].  Blocking  EGF  receptor  (EGFR)- 
elicited  signaling  can  inhibit  the  proliferation  of  both 
DU  145  and  LNCaP  cells,  which  indicates  the  impor¬ 
tant  involvement  of  the  EGFR  signal  axis  in  the  growth 
of  PCa  [15]. 

In  the  normal  gland,  the  transforming  growth 
factor-^  (TGF-or),  a  ligand  for  EGFR,  predomi¬ 
nantly  expresses  in  stromal  cells  [16].  However,  the 
EGFR  expresses  in  human  prostatic  epithelial  cells 
with  a  higher  expression  in  basal  cells  than  luminal 


epithelia  [17].  This  suggests  that  TGF-cv  and  EGFR 
have  a  paracrine  interaction.  In  contrast,  the  autocrine 
interaction  of  EGF/TGF-a  and  its  receptor  has  been 
shown  to  play  an  important  role  in  the  progression  of 
PCa  [18-20].  Particularly,  increased  autocrine  produc¬ 
tion  of  EGF  and/or  TGF-a  was  found  in  several  AIPCa 
cell  lines  including  DU  145.  This  caused  the  activation 
of  EGFR  as  demonstrated  by  high  levels  of  autophos¬ 
phorylation  of  EGFR  [19,21].  Furthermore,  the  addi¬ 
tion  of  anti-EGFR  antibody  to  DU  145  cells  can  reduce 
EGFR  autophosphorylation  and  subsequently  inhibit 
cell  proliferation  [22]. 

In  other  cases,  changing  the  receptor  affinity  in  PCa 
allows  cancer  cells  to  utilize  their  own  autocrine  growth 
factor.  In  the  Dunning  tumor  model,  AT3  tumor  cells 
expressed  a  different  subclass  of  fibroblast  growth  fac¬ 
tor  receptor  (FGFR)  protein  by  switching  exon  Mb 
(high  affinity  to  keratinocyte  growth  factor  [KGF])  to 
exon  IIIc  (high  affinity  to  acidic  FGF  [aFGF]  and  basic 
FGF  [bFGF])  as  they  acquire  a  more  aggressive  pheno¬ 
type  [23].  Similar  exon  switching  has  also  been  found 
in  DU  145  and  its  xenograft  [24].  It  is  also  found  in  PCa 
specimens,  although  incidence  is  low  [25]. 

Autocrine  production  of  FGF  has  been  associated 
with  the  proliferation  of  AIPCa  [23,26,27],  Moreover, 
AI  tumors  from  Shionogi  mice  produce  a  bFGF-like 
protein  [28].  In  the  Dunning  tumor  model,  in  con¬ 
cert  with  the  switching  of  the  receptor  subtype  in  AT3 
tumors,  the  increased  steady-state  levels  of  FGF-2, 
FGF-3,  and  FGF-5  mRNA  were  also  found  in  these 
tumor  cells  [23]. 

Nerve  growth  factor  (NGF)  also  appears  to  be  a  mito¬ 
gen  for  AIPCa.  For  example,  human  prostate  cell  lines 
(TSU-Prl,  DU  145,  PC3,  and  LNCaP)  are  sensitive  to 
NGF  for  proliferation  [29,30].  Nevertheless,  LNCaP 
does  not  produce  NGF  [31].  Since  normal  prostate  stro¬ 
mal  cells  produce  several  active  forms  of  NGF  [32,33], 
this  suggests  that  paracrine  NGF  could  be  a  potent  fac¬ 
tor  necessary  for  the  growth  of  primary  PCa.  How¬ 
ever,  other  AIPCa  cell  lines  such  as  DU  145,  PC3, 
and  TSU-Prl  produce  NGF  in  an  autocrine  manner 
[31],  which  indicates  that  paracrine  and/or  autocrine 
production  of  NGF  contributes  to  the  growth  of  AIPCa. 

Immediately  after  autocrine  growth  factors  bind  to 
their  specific  receptor  (protein  receptor  tyrosine  kinase, 
PRTK),  dimerization  and  autophosphorylation  of  the 
receptor  promote  interactions  with  cytoplasmic  pro¬ 
teins.  These  interactions  initiate  a  cascade  of  phospho¬ 
rylation  events  through  a  variety  of  adapter  proteins 
and  kinases,  which  transduce  the  mitogenic  signal  by 
increasing  gene  expression  in  the  nucleus  (Figure  1). 


Proliferation  Survival  Migration 


Figure  1 .  The  homeostatic  control  of  signal  pathways  in  prostatic  epithelium .  The  exogenous  stimuli  (such  as  hormones,  growth  factors, 
and  extracellular  matrix  proteins)  can  elicit  different  specific  signal  cascades  that  activate  gene  transcription  in  the  nucleus  resulting 
in  cell  proliferation,  survival,  and  migration.  These  signal  networks  are  mainly  modulated  by  protein-protein  interaction  and  protein 
phosphorylation.  Very  often,  the  cross  interaction  between  these  pathways  becomes  more  apparent  in  PCa  cells,  which  underlies  the 
autonomous  growth  of  these  cells.  The  presence  of  negative  regulators  prevents  the  constitutive  activation  of  positive  signals,  which  can 
maintain  a  delicate  balance  in  normal  cell.  Conversely,  loss  of  negative  feedback  regulators  (such  as  DOC-2/DAB2  and  PTEN)  in  PCa 
cells  intensifies  their  malignant  phenotype.  T:  testosterone,  DHT:  dihydrotestosterone. 


The  interaction  between  adapter  proteins  and  their 
activated  receptor  can  further  initiate  the  transloca¬ 
tion  of  a  group  of  proteins,  called  guanine  nucleotide 
exchange  factors  (GEFs  such  as  SOS),  which  modu¬ 
late  the  GTPase  activity  of  G-protein  such  as  RAS. 
Eventually,  the  GTP-binding  RAS  can  activate  a  series 
of  mitogen  activated  protein  kinase  (MAPK)  reactions 
by  Ser/Thr  kinases  (such  as  RAF  [MAP  kinase  kinase 
kinase],  ERK  [MAP  kinase])  and  dual  kinase  (such  as 
MEK  [MAP  kinase  kinase]).  MAP  kinases  can  phos- 
phorylate  many  transcriptional  factors  (e.g.  EF-2)  and 
cyclin  (e.g.  cyclin  Dl)  is  known  to  be  involved  in  cell 
cycle  regulation  [34-36]. 

The  Ras  superfamily  comprises  nearly  50  cur¬ 
rently  known  /tas-related  genes,  which  encode  GTP- 
binding  proteins  (i.e.  G-protein),  and  RAS  proteins  are 
membrane-bound  GTPase  [34-36].  Furthermore,  RAS 
proteins  help  control  cell  growth  and  differentiation, 


but  any  one  of  many  single  amino  acid  mutations 
can  produce  highly  oncogenic  proteins.  In  animals, 
tumors  induced  by  chemicals  (e.g.  nitrosomethyl- 
urea,  dimethylbenzanthracene,  or  N-methyl-N-nitro- 
N-nitrosoguanidine)  or  physical  manipulation  (e.g. 
X-ray  treatment)  show  about  a  70%  frequency  of  Ras 
mutation.  This  mutation  is  commonly  associated  with 
a  point  mutation  at  codon  12  or  61  [37-39].  Acti¬ 
vating  mutations  in  Ras  oncogene  occur  in  a  variety 
of  human  tumors,  such  as  in  pancreatic  (90%),  colon 
(50%),  thyroid  (50%),  and  lung  (30%)  cancers  [40]. 

In  PCa,  enhanced  expression  of  RAS  protein  cor¬ 
relates  with  increased  tumor  grade  [41].  Expression 
of  RAS  protein  has  also  been  assessed  in  primary  and 
metastatic  tumors.  Reports  [39^14]  indicate  that  most 
metastatic  tumors  expressed  RAS  protein,  while  only  a 
fifth  of  primary  tumor  do.  Noticeably,  in  an  androgen- 
deprived  environment,  the  expression  of  oncogenic 
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Ras  (V12ras)  enhances  ERK  activation,  cyclin  D1 
induction,  and  proliferation  in  LNCaP  cells  [45,46]. 
Moreover,  suppressing  RAS  function  by  inhibit¬ 
ing  its  protein  farnesylation  using  a  peptidomimetic 
inhibitor  (L-744,832)  leads  to  a  significant  delay  in 
the  development  of  PCa  in  a  xenograft  model  [47]. 
These  data  indicate  that  RAS  protein  plays  a  critical 
role  in  the  progression  of  PCa.  Nevertheless,  Ras  gene 
mutation  is  rare  in  PCa  [42-44,48-50].  This  implies 
that  some  other  factor(s)  may  be  involved  in  increasing 
RAS  protein  levels  in  PCa. 

It  also  appears  that  RAF  plays  a  functional  role  in 
PCa  cells.  Suppression  of  Raf  gene  expression  by  an 
anti-sense  oligonucleotide  induces  apoptosis  in  PC3 
and  reduces  tumor  formation  in  nude  mice  [51,52]. 
Surprisingly,  prolonged  activation  of  RAF  and  MAPK 
are  also  able  to  induce  cell  cycle  arrest  in  LNCaP  cells 
through  induction  of  p21 WAF,/CIP1  [53]  or  apoptosis  [54]. 
These  data  suggest  that  perturbing  a  delicate  balance  of 
each  component  of  the  mitogenic  signal  cascade  could 
adversely  effect  cell  growth. 

Overwhelming  data  demonstrate  the  critical  role 
of  the  MAPK  pathway  in  cell  growth  and  malignant 
transformation  [55-60].  In  several  PCa  cell  lines  such 
as  LNCaP  and  DU145  cells,  inactivation  of  MAPK 
(e.g.  ERK)  by  interrupting  EGF  binding  to  EGFR  using 
a  flavonoid  antioxidant  (Silibinin),  decreases  DNA  syn¬ 
thesis  and  cell  growth  [61].  Using  anti-phosphorylated 
ERK  antibody,  heightened  activation  of  MAPK  is  often 
detected  in  high-grade  PCa  and  AIPCa  [59].  In  AIPCa 
cell  line  such  as  DU  145  cells,  the  constitutive  phos¬ 
phorylation  of  ERK2,  a  hallmark  of  MAPK  activation 
is  also  observed  [15].  However,  this  ERK2  activation 
can  be  blocked  by  several  EGFR  inhibitors  such  as 
Tyrphostin  AG  1748  and  MAb-EGFR-528,  indicating 
that  the  EGFR-elicited  signal  axis  is  critical  for  acti¬ 
vating  the  MAPK  pathway  in  AIPCa  [15].  Therefore, 
it  is  likely  that  the  increased  activation  of  MAPK  in 
high  grade  PCa  and  AIPCa  is  due  to  the  stimulation 
of  autocrine  growth  factors,  which  provides  a  growth 
advantage  for  the  progression  of  these  cancer  cells. 

Activation  of  cyclin  Dl,  a  key  downstream  effector 
protein  in  both  MAPK  and  the  protein  kinase  C  (PKC)- 
elicited  signal  pathway,  prompts  cells  entering  S  phase 
during  cell  cycle.  For  example,  in  LNCaP  cells,  both 
EGF  and  TPA  (a  PKC  activator)  can  induce  cyclin 
Dl  in  LNCaP  cells  [62].  Overexpression  of  cyclin  Dl 
in  LNCaP  cells  results  in  accelerated  cell  growth  and 
increased  in  vivo  tumorigenicity  [63].  However,  unlike 
breast  cancer,  cyclin  Dl  gene  amplification  is  rela¬ 
tively  rare  in  PCa  cell  lines  [64].  Using  quantitative 


RT-PCR  and  Western  analyses,  Gumbiner  et  al.  [65] 
demonstrate  that  no  apparent  increased  cyclin  Dl  tran¬ 
script  and  protein  levels  were  observed  in  four  prostate 
tumor  cell  lines  and  their  xenografts  tumors.  How¬ 
ever,  an  increased  cyclin  Dl  transcript  level  was  found 
in  a  small  subset  (4  out  of  96)  of  clinical  specimens 
derived  from  either  stage  C  and  D  [65].  In  another  study 
using  immunohistochemistry,  cyclin  Dl  positive  tumor 
(defined  as  identification  of  positive  immunoreactivity 
in  the  nuclei  of  >20%  of  tumor  cells)  is  1 1%  (10  of 
86)  of  the  primary  cases  compared  with  68%  for  AI 
bone  metastatic  lesion  prostate  [66].  These  data  indi¬ 
cate  that  cyclin  Dl  may  be  involved  in  the  onset  of 
AIPCa. 


Cell  survival  signals  in  AIPCa 

Most  mitogenic  signals  have  a  dual  function  involved 
not  only  in  cell  proliferation  but  also  cell  survival. 
For  example,  inhibition  of  MAPK  activity  by  either 
Tyrphostin  AG  1748  (EGFR  inhibitor)  or  PD98059 
(MAPK  inhibitor)  enhances  the  G2/M  cell  cycle  arrest 
and  radiation-induced  cell  killing  [67].  In  addition, 
PTEN  and  the  phosphatidylinositol  triphosphate  kinase 
(PI3-K)  pathway  have  been  implicated  in  the  regula¬ 
tion  of  G1  growth  arrest  [68]  and  the  regulation  of 
cell  survival.  PTEN,  a  dual  phosphatase  for  both  phos¬ 
phatidylinositol  3,4,5-triphosphate  (PIP3)  and  tyrosine 
phosphoprotein,  is  frequently  lost  or  mutated  in  AIPCa 
[69-72].  Loss  of  PTEN  expression,  mostly  due  to 
down-regulation  of  the  gene  by  DNA  hypermethyla- 
tion,  is  found  in  PCa  [72] .  In  the  absence  of  PTEN,  PIP3 
phosphorylated  by  PI3-K  accumulates  in  cells  and  it  is 
an  activator  for  Akt/PKB  kinase,  which  promotes  cell 
survival  [73-75]. 

Recent  data  indicate  that  dephosphorylation  of 
phosphoinositol-triphophate  (PI3P)  and  focal  adhe¬ 
sion  kinase  (FAK)  by  PTEN  promotes  apoptosis 
through  inactivating  the  PI3-K/Akt  cell  survival  path¬ 
way  [74,75].  Also,  activation  of  Akt  can  prevent 
TRAIL-induced  apoptosis  in  LNCaP  cells  [76].  On  the 
other  hand,  in  LNCaP  cells,  the  constitutive  activation 
of  PI3-K  pathway  due  to  PTEN  mutation  contributes  to 
cell  survival  since  inhibition  of  this  pathway  can  cause 
cell  apoptosis  [77].  However,  some  data  indicate  that 
the  PI3-K  inhibitor-induced  apoptosis  in  LNCaP  cells 
can  be  reversed  by  activating  EGFR  and/or  the  andro¬ 
gen  receptor  (AR)  [78],  which  suggests  that  the  some 
pathway(s)  parallel  with  the  Akt/PKB  pathway  in  PCa 
also  contributes  to  cell  survival. 
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Signal  pathways  involved  in 
the  metastasis  of  PCa 

PCa  cells  have  a  high  propensity  to  metastasize  to 
bone,  at  which  point  AIPCa  can  arise  and  becomes  a 
life-threatening  disease.  Metastasis  requires  not  only 
cell  mobility,  but  also  the  interaction  between  tumor 
cells  and  their  surrounding  environment.  Several  stud¬ 
ies  demonstrate  that  a  growth  factor  and  its  receptor 
may  be  involved  in  this  process.  For  example,  over¬ 
expression  of  EGFR  can  increase  the  in  vivo  metasta¬ 
sis  potential  of  DU145  cells  [79].  Overexpression  of 
Her-2/neu,  a  member  of  EGFR  family,  can  facilitate 
the  metastasis  of  a  nontumorigenic  rat  prostate  NbE 
cells  to  skeletal  muscle  in  the  rib  [80].  Conversely, 
using  EGFR-specific  kinase  inhibitor  (PD  153035)  can 
reduce  invasiveness  of  PCa  using  a  transgenic  ade¬ 
nocarcinoma  mouse  prostate  (TRAMP)  model  [81]. 
These  data  indicate  that  the  involvement  of  EGFR 
signaling  in  the  metastasis  of  PCa. 

The  possible  underlying  mechanism  for  growth 
factor(s)-elicited  PCa  metastasis  is  due  to  the  induc¬ 
tion  of  cell  migration.  Rajan  et  al.  [82]  report  that 
an  EGF-like  protein  identified  from  several  bone  and 
leukemia  cell  lines  acts  as  a  potent  chemoattractant, 
which  increases  cell  migration  of  a  PCa  cell  line  (TSU- 
Prl).  This  study  suggests  that  the  EGF-like  molecule 
attracts  PCa  to  invade  or  metastasize  the  peripheral 
lymph  nodes  and  medullary  bone.  Concurrently,  acti¬ 
vation  of  the  MAPK  pathway  is  often  associated  with 
metastatic  PCa  [83,84].  It  has  been  shown  that  the 
MAPK  inhibitor  can  suppress  the  expression  of  the 
a6  integrin  gene,  a  critical  receptor  for  the  interaction 
with  matrix  protein  by  the  metastatic  PCa,  in  both  PC3 
and  LNCaP  cells  [85]. 

In  LNCaP  cells,  increasing  survival  can  also  increase 
metastatic  potential  [86].  Conversely,  PTEN  can  inhibit 
the  PI-3K/Akt  pathway  by  dephosphorylating  PIP3, 
which  leads  to  reduced  cell  motility  [87,88].  Further¬ 
more,  PTEN  can  also  inhibit  cell  migration  by  directly 
dephosphorylating  FAK  [89,90]  and  SRC  homolog  and 
collagen  protein  (SHC)  [91]  (Figure  1).  The  steady- 
state  levels  of  FAK  in  three  PCa  cells  (LNCaP,  PC3, 
DU145)  correlate  with  the  cell  migration  capabil¬ 
ity  [92].  Moreover,  presence  of  the  dominant  nega¬ 
tive  FAK  and  inhibitor  of  SRC  (oncogenic  protein  of 
Rous  Sarcoma  virus)  protein  can  significantly  inhibit 
migration  of  PCa  [92],  indicating  that  the  involve¬ 
ment  of  integrin/matrix  via  SRC/FAK  signaling  is  a 
key  determinant  for  PCa  metastasis.  Similarly,  over¬ 
expression  of  dominant  negative  SHC  can  inhibit 
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cell  migration  in  a  PTEN-negative  giloblastoma 
cell-U-87MG  [93]. 


Cross-talk  between  steroid  hormone  and 
growth  factor-elicited  signal  pathways 

Androgen  is  known  as  a  key  mitogen  for  primary 
PCa.  In  an  androgen  deprived  milieu,  it  is  possible 
that  the  AR  in  AIPCa  can  function  through  a  ligand- 
independent  fashion.  Some  data  indicate  that  the  lig¬ 
and  independent  activation  of  AR  could  be  achieved 
by  mutation  occurring  in  the  ligand  binding  domain 
of  AR  and/or  by  associating  with  the  growth  factor- 
mediated  signaling  pathway.  In  AIPCa,  AR  mutation 
and  amplification  have  been  found  in  20-40%  of  cases 
[94-96] .  Also,  increasing  evidence  indicate  that  there  is 
interaction  between  AR  and  the  peptide  growth  factor 
receptor  signaling  pathway.  Activation  of  MAPK  and 
protein  kinase  A  (PKA)  pathways  can  lead  to  the  phos¬ 
phorylation  of  AR,  which  increases  its  interaction  with 
cofactors  such  as  ARA50  or  ARA70  and  consequently 
enhance  the  transcription  activity  of  AR  [97,98].  This 
is  consistent  with  data  showing  that  the  transcription 
activity  of  AR  in  LNCaP  cells  can  be  activated  by 
several  growth  factors  (insulin-like  growth  factor- 1 
[IGF-1],  KGF,  and  EGF)  [99]  capable  of  initiating  the 
MAPK  pathway.  Also,  overexpression  of  Her-2/neu 
can  induce  AR  activation  through  activation  of  the 
MAPK  phosphorylation  cascade  [100,101].  Moreover, 
Sehgal  et  al.  [102]  indicate  that  androgen  can  induce 
amphiregulin,  a  ligand  for  EGFR,  which  could  acti¬ 
vate  EGFR-mediated  signal  transduction.  These  data 
clearly  indicate  that  reciprocal  interaction  between  the 
AR  and  MAPK-mediated  pathways  may  underlie  the 
Al  growth  of  PCa. 

Loss  of  homeostatic  control  of 
the  signal  pathway  in  AIPCa 

Despite  the  prevalence  of  positive  signal(s)  involved  in 
the  relapse  of  AIPCa,  loss  of  negative  feedback  con¬ 
trol  in  the  signal  network  also  significantly  impact  the 
onset  of  AIPCa.  Loss  of  the  tumor  suppressor  PTEN 
(Figure  1)  has  been  implicated  in  proliferation,  cell 
survival,  and  metastasis  of  PCa  cells.  The  dual  phos¬ 
phatase  activity  of  PTEN  can  dephosphorylate  PIP3 
which  is  required  for  activating  the  PI3-Kinsae/Akt 
pathway  implicated  in  promoting  proliferation  and  cell 
survival  in  PCa  [77,78].  PTEN  can  also  suppress  cell 


proliferation,  survival,  and  migration  of  prostate  cells 
by  dephosphorylating  tyrosine  phosphoprotein  such  as 
FAK  and  SHC  [89-91]. 

Based  on  animal  models  and  clinical  observation,  we 
believe  AIPCa  possesses  similar  stem  cell  properties 
as  the  normal  prostate  gland.  To  unveil  the  funda¬ 
mental  changes  that  occur  in  AIPCa,  we  hypothesized 
that  altered  homeostatic  control  machinery,  operative 
in  normal  prostatic  basal  cells,  underlie  the  malig¬ 
nant  phenotype  of  AIPCa.  Our  laboratory  has  screened 
cDNAs  from  the  enriched  basal  cell  population  of 
the  degenerated  prostate  gland.  A  candidate  gene  has 
recently  been  identified  as  DOC-2/DAB2  (differential- 
expressed  in  ovarian  cancer- 2/disabled  2),  which 
was  cloned  from  differential  display  as  a  potential 
tumor  suppressor  in  ovarian  cancer  [103].  It  encodes 
an  82kDa  phosphoprotein  with  a  highly  conserved 
sequence  between  human  and  rodent,  which  implies 
its  important  biological  function.  The  N-terminal  of 
DOC-2/DAB2  contains  a  homology  domain  (i.e.  DAB 
domain)  with  the  disabled  (SRC-binding  protein)  gene 
involved  in  the  differentiation  of  the  neuron  [104].  The 
C-terminal  of  DOC-2/DAB2  contains  three  proline- 
rich  domains  that  can  bind  to  SH3-containing  protein 
[105].  Therefore,  DOC-2/DAB2  appears  to  be  a  typical 
molecule  involved  in  the  signal  network. 

In  the  normal  prostate,  DOC-2/DAB2  is  predomi¬ 
nantly  associated  with  basal  epithelia  cells  when  the 
prostate  undergoes  androgen-deprived  degeneration 
[  1 03].  Decreased  expression  of  DOC-2/DAB2  has  been 
found  in  several  tumors  including  ovarian,  choriocar¬ 
cinoma,  breast,  and  prostate.  We  also  observed  the 
absence  of  DOC-2/DAB2  in  several  PCa  cell  lines 
derived  from  AIPCa  patients  [103].  Increased  expres¬ 
sion  of  DOC-2/DAB2  can  suppress  cell  growth  and 
increase  Gl/Go  growth  arrest  in  a  tumorigenic  LNCaP 
subline  (C4-20  cell).  Similar  results  were  observed 
in  other  cancer  types  [106-108].  In  ovarian  can¬ 
cer,  reintroducing  DOC-2/DAB2  into  cancer  cells  can 
reduce  cell  growth,  tumorigenicity  and  suppress  the 
serum  induced  c-fos  gene  expression  [106-109].  These 
data  indicate  that  DOC-2/DAB2  is  a  potent  tumor 
suppressor. 

The  mechanism  responsible  for  the  loss  of 
DOC-2/DAB2  in  PCa  is  not  fully  understood.  How¬ 
ever,  some  evidence  indicate  that  the  expression  of 
DOC-2/DAB2  is  suppressed  by  the  RAS-mediated 
pathway  because  DOC-2/DAB2  is  down  regulated  at 
least  100-fold  in  R AS-transformed  cells  and  such  sup¬ 
pression  can  be  reverted  in  the  presence  of  MAPK 
inhibitor  PD98059  [110].  Also,  the  gene  transcription 


of  DOC-2/DAB2  can  be  modulated  by  either  GATA- 
6  or  retinoic  acid  during  embryonic  differentiation 
[111,112].  Noticeably,  retinoic  acid  treatment  can 
cause  apoptosis  in  PCa  cells  [113,114].  However, 
the  relationship  of  DOC-2/DAB2  and  retinoic  acid- 
induced  apoptosis  in  PCa  remains  undetermined. 
Moreover,  our  data  also  demonstrate  that  DOC- 
2/DAB2  is  induced  during  TPA-induced  megakarocyte 
differentiation  of  K562  cells  [  1 1 5].  Based  on  these  find¬ 
ings,  we  believe  that  the  regulation  DOC-2/DAB2  gene 
is  associated  with  cell  differentiation  in  several  cell 
types  including  prostatic  epithelia. 

To  examine  the  role  of  DOC-2/DAB2  in  modulating 
signal  transduction  which  may  impact  the  phenotype 
of  AIPCa  cells,  we  first  demonstrated  that  the  presence 
of  DOC-2/DAB2  is  able  to  inhibit  TPA-induced  gene 
expression  [116].  Moreover,  DOC-2/DAB2  (Figure  1) 
can  be  rapidly  phosphorylated  by  treatment  of  growth 
factor  and  TPA  [116].  Therefore,  we  examined  the 
impact  of  DOC-2/DAB2  phosphorylation  on  the  effect 
of  TPA  in  PCa  cell  lines  such  as  LNCaP  cells.  It  appears 
that  the  serine  24  in  the  N-terminal  of  DOC-2/DAB2 
is  the  key  phosphoamino  acid  residue  in  modulating 
PKC-elicited  signal  pathway,  since  the  alteration  of 
this  residue  abolishes  the  activity  of  AP-1  induced  by 
TPA  [115]. 

Recently,  we  identified  a  novel  RAS-GTPase- 
activating  protein  (RAS-GAP)  as  a  DOC-2/DAB2 
interactive  protein  (DIP  1/2)  [117].  The  human  DIP  1/2 
gene  locates  at  9q33. 1-33.3  [118]  proximal  to  a  poten¬ 
tial  tumor  suppressor  gene,  TSC1  (Tuberous  Sclerosis) 
[119].  It  has  also  been  reported  [120]  that  a  novel 
RAS-GAP  gene  fused  to  a  myeloid/lymphoid  leukemia 
gene  in  acute  myeloid  leukemia  with  chromosomal 
translocation  [t(9;l  l)(q34;  q23)];  DIP  1/2  may  be  that 
candidate  gene. 

Using  detailed  biochemical  analyses,  we  demon¬ 
strated  that  DIP  1/2  is  a  typical  RAS-GAP  that 
hydrolyzes  RAS-GTP  (active  RAS)  to  become 
RAS-GDP  (inactive  RAS).  We  further  demonstrated 
that  the  interaction  between  DOC-2/DAB2  and  DIP  1/2 
enhance  the  GAP  activity  in  PCa  cells  (Figure  1), 
and,  decreased  expression  of  DIP  1/2  is  associated  with 
several  PCa  cell  lines  derived  from  AIPCa  patients. 
Apparently,  one  of  the  mechanisms  of  action  of 
DOC-2/DAB2/DIP1/2  is  to  modulate  RAS  activity  in 
AIPCa.  In  addition,  the  DAB  domain  of  DOC-2/DAB2 
directly  associates  with  Smad  and  mad-related  pro¬ 
tein  2  and  3  (Smad2  and  Smad3),  which  restores  the 
transforming  growth  factor-/?  (TGF-/?)  signaling  path¬ 
way  in  TGF-/?  mutant  cells  [  1 2 1  ] .  Thus,  DOC-2/DAB2 
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appears  to  have  multiple  mechanisms  of  action  that 
modulate  the  growth/differentiation  of  mammalian 
cells. 

As  shown  previously,  DOC-2/DAB2  interacts  with 
GRB2  in  mouse  macrophage  treated  with  colony 
stimulating  factor-1  [105].  We  further  analyzed  the 
functional  role  of  the  C-terminal  of  DOC-2/DAB2, 
particularly  the  proline  rich  domain,  in  growth  factor- 
elicited  signal  transduction.  In  PCa,  the  expression  of 
DOC-2/DAB2  prevents  the  SOS  from  binding  GRB2 
(Figure  1),  which  leads  to  the  suppression  of  MAPK 
activation  initiated  by  EGF  [122].  Similar  action  of 
DOC-2/DAB2  is  also  observed  in  PC12  cells  stim¬ 
ulated  with  neurotropin  NT3  [122],  suggesting  that 
DOC-2/DAB2  is  involved  in  the  growth/differentiation 
of  neuronal  cells.  Moreover,  our  preliminary  data  indi¬ 
cated  that  some  other  SH3 -containing  proteins  such 
as  SRC  and  NCK  can  interact  with  the  DOC-2/DAB2 
(Figure  1).  The  biologic  implication  of  this  interac¬ 
tion  warrants  further  investigation.  Nevertheless,  the 
DOC-2/DAB2  complex  represents  a  unique  negative 
feedback  machinery  for  balancing  the  signaling  cas¬ 
cade  elicited  by  exogenous  stimuli.  Altered  expression 
of  this  complex  underlies  the  onset  of  AIPCa. 

Concluding  remarks 

Relapse  of  AIPCa  signifies  that  PCa  has  become 
autonomous  after  androgen  deprivation;  the  presence 
of  peptide  growth  factors  or  cytokines  becomes  a  preva¬ 
lent  mitogen  for  AIPCa.  However,  it  is  clear  that  these 
exogenous  stimuli  elicit  various  signal  networks  crit¬ 
ical  for  cell  proliferation,  survival,  and  metastasis. 
Among  these  pathways,  increased  MAPK  activation 
appears  to  predominate  in  the  AIPCa  cells.  This  is  evi¬ 
denced  by  several  molecular  markers  such  as  RAS, 
ERK,  and  cyclin  D1 .  Overwhelming  in  vitro  and  in  vivo 
data  demonstrate  this  relationship.  Moreover,  recent 
data  also  indicate  the  MAPK  and  AR  pathways  have  a 
reciprocal  interaction,  which  underlies  the  mechanism 
for  the  AI  progression.  Nevertheless,  unlike  other  can¬ 
cer  types,  the  mutation  rate  of  these  key  effectors  (such 
as  Ras  and  cyclin  Dl)  is  relatively  low  in  PCa.  There¬ 
fore,  it  is  likely  that  other  regulatory  pathways  such  as 
the  negative  feedback  mechanism  are  impaired  in  the 
PCa  cells. 

Several  molecules  were  identified  as  a  part  of  a  nega¬ 
tive  regulatory  network.  PTEN  is  an  excellent  example 
of  such  a  molecule  because,  (a)  decreased  or  frequent 
loss  of  PTEN  expression  is  found  in  PCa,  and  (b)  loss 
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of  PTEN  is  known  to  increase  the  cell  survival  of 
PCa  through  the  PI-3K/Akt  pathway  or  through  cell 
migration/metastasis  through  the  SRC  or  FAK  path¬ 
way.  In  addition,  our  laboratory  identified  a  unique 
complex  (DOC-2/DAB 2/DIP  1/2)  that  modulates  the 
RAS  and  TGF-^  mediated  pathway.  Since  this  com¬ 
plex  can  associate  with  many  other  effectors,  it  is  pos¬ 
sible  to  predict  the  potential  impact  of  this  complex  on 
the  progression  of  AIPCa. 

The  ultimate  goal  in  studying  the  signal  network  in 
AIPCa  is  to  identify  marker(s)  for  early  prognosis  of 
AI  disease  and  to  develop  specific  agent(s)  for  disease 
intervention.  Recent  clinical  approval  of  the  c-ABL 
tyrosine  kinase  inhibitor  (STI-571,  Gleevec)  marks  the 
beginning  of  target-specific  cancer  therapy.  In  addi¬ 
tion  to  the  completion  of  the  human  genome  project, 
in  the  foreseeable  future,  cancer  therapy  could  be  cus¬ 
tomized  based  upon  an  individual  patient’s  genetic  pro¬ 
file.  Therefore,  profiling  signal  transduction  targets  in 
AIPCa  has  tremendous  clinical  application. 


Key  unanswered  questions 

1 .  It  appears  that  AIPCa  contains  a  heterogeneous  cell 
population.  What  are  the  critical  signal  networks 
operative  in  AIPCa  cells? 

2.  AIPCa  has  a  high  propensity  to  grow  in  bone.  What 
are  the  critical  signal  networks  responsible  for  the 
interaction  between  these  cells? 

3.  There  is  a  significant  overlapping  in  the  signal 
cascade-elicited  by  many  biologic  responses.  Are 
there  key  merging  points  in  AIPCa? 

4.  What  is  the  impact  of  different  nerve  growth  factors 
on  the  progression  of  AIPCa? 

5 .  It  appears  that  a  close  interaction  exists  between  AR 
and  MAPK  pathways.  Can  DOC-2/DAB2  complex 
modulate  the  AR-mediated  signal  transduction? 

6.  The  presence  of  negative  regulator  is  to  prevent 
the  constitutive  activation  of  positive  signal  cascade 
elicited  by  stimuli.  Therefore,  what  is  the  mecha¬ 
nism  resulting  in  the  association  between  these  pro¬ 
teins  immediately  after  the  initial  activation? 

7.  Loss  of  DOC-2/DAB2  expression  is  often  found 
in  AIPCa.  What  is  the  underlying  mechanism(s) 
leading  to  the  loss  of  DOC-2/DAB2  expression? 

8.  The  underlying  mechanism  of  negative  feedback 
pathways  is  somewhat  similar.  Can  these  nega¬ 
tive  feedback  pathways  complement  each  other  in 
AIPCa? 
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